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SECTION 1

SUMMARY AND INTRODUCTION

The University of Dayton is conducting a program for the

Study, Evaluation, and Development of Techniques for the

Evaluation of Windscreen Optical Quality for the Aerospace

Yedical Research Laboratory.* In this program, the University pro-

vides support for a research program on optical evaluation of

aircraft windscreens. The studies, experiments, and results

reported here describe the program.

The BIRT windscreens under study were both thick and

lightweight laminated components developed to reduce the threat

to low-flying aircraft from bird impacts. The visual performance

of these windscreens is limited by several optical variables;

this program addresses only the techniques used to evaluate opti-

cal distortion.

1.1 OBJECTIVE

A major objective of the AMRL Windscreen Program is

evaluating existing optical test procedures and the development

of new test procedures for assessing the optical quality of

aircraft windscreens. Studies and experiments were conducted

on the techniques now used for evaluation of windscreen optical

quality, and two new test techniques were designed and evaluated.

1.2 PRINCIPAL PROGRAM TASKS

The work performed in this program involved five principal

tasks:

1. Identification, study, and evaluation of existing

techniques used to assess the optical quality of

aircraft windscreens.

This renort was written in 1979 while the contract was still in progress;
consequently, the author wrote it in accordance with the ongoing status of
the work. No attempt was made to rewrite the report in past tense, althouqh
the entire effort by University of DaYton is completed.
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2. Experimental study of techniques now used for measure-

ment and evaluation of windscr.en optical distortion.

3. Exrp-i.,ental evaluation of the optical distortion in

four F-ill windscreens.

4. Development of new techniques for evaluating

windscreen op ical distortion.

5. Recommendation of the best system for obtaining quan-

tified optical distortion data.

1.3 PRINCIPAL RESULTS

The program has produced the following results, which will

be discussed in detail in this report.

1. The optical effects now being evaluated in windscreen

optical quality measurements include optical distor-

tion, angular deviation, optical defects, optical

transmission, haze, multiple imaging, binocular

disparity, and birefringence-produced rainbowing.

2. The study of what techniques should be used for

evaluation of windscreen optical quality showed good

agreement on the best way to evaluate all the optical

effects except optical distortion, birefringence-

produced rainbowing, and multiple imaging.

3. Grid board photographic techniques are simple and easy

to perform, but errors as large as 20 percent occur in

manual data reduction.

4. Point-by-point measurement of F-1ll windscreen opti-

cal distortion has shown that this technique provides

high accuracy, but is very time consuming.

5. Point-by-point measurements of four representative

F-1l windscreens have shown that angular deviations

will not usually exceed 40 minutes of arc and that

2



localized optical distortion effects are characterized

by large, highly localized variations in angular

deviations.

6. New techniques using raster-scanned laser probe

beams in conjunction with retro-reflecting screens and

holographic lenses could provide the capability for high

speed evaluation of windscreen optical distortion.

7. The technique to be developed for quantified eva-

luation of windscreen optical distortion should be a

grid board photographic system. A grid board digiti-

zation system is described and proposed to eliminate

data reduction errors.

3



SECTION 2

STUDY OF TECHNIQUES FOR EVALUATION
OF WINDSCREEN OPTICAL QUALITY

AS part of the Aerospace Medical Research Laboratory's

Windscreen Program, the University of Dayton has reviewed the test

procedures now used for evaluating windscreen optical quality.

The task described in this report involved a review of the

literature to identify and evaluate current techniques, and that

review will be used to determine what new test procedures are

required for evaluation of aircraft windscreens. This report

will indicate that, as a result of previous work, most of the

required techniques for windscreen optical evaluation have been

developed, and a standard method for evaluation has been defined.

The most important area of evaluation in which agreement on a

technique has not been possible, is that of optical distortion.

This study was directed toward the effect of optical distortion,

with emphasis on two facts: distortion is one of the most impor-

tant optical effects on pilot vision, and there is presently no

agreement on a single method for quantitative evaluation of

distortion.

2.1 OPTICAL EFFECTS IN AIRCRAFT WINDSCREENS

Because of the need for good pilot visibility, the optical

quality of aircraft windscreens must be maintained while the

stringent requirements imposed by high-speed flight are met. For

the best forward vision, the ideal windscreen would be a flat

plate installed nearby perpendicular to the pilot's line of

sight. Improved aerodynamic performance for high-speed flight

has called for windscreens that are inclined at low angles to the

horizon and have curved surfaces. The curved windscreens, while

providing a larger unobstructed field of view, have introduced

undesirable optical effects. The optical quality of the

windscreens has also suffered because of the requirement for

laminated multilayer windscreens to provide improved strength and

shatter resistance. The optical effects produced by the

4



windscreen involve changes in both the position and magnification

of any object observed through the windscreen.

Figures 2.1, 2.2, 2.3, 2.4, and 2.5 show examples of the

optical effects produced by aircraft windscreens. Figure 2.1

illustrates the angle of incidence for forward vision. The angle

of incidence is the angle between the windscreen normal and the

pilot's horizontal line of sight. Observation through a

windscreen will result in displacements for observation at angles

of incidence not equal to 00 (Figure 2.2), and imperfections in

the window due to prismatic errors will result in angular

deviation between the true position of the object and its

apparent position as observed through the windscreen (Figure

2.3). Localized variations in surface parallelism or prismatic

errors will produce variation in the angular deviation errors

over the windscreen (Figure 2.4), and variations in angular

deviation over the windscreen will produce distortions in objects

observed through the windscreen. Attempts to describe the

effects of distortion have been categorized by such charac-

teristics as bending, sharp bending, bull's eyes, blurring, con-

vergence, magnification, and rolling.1 ,2 The definitions of

distortion have been in terms of the rate of change of angular

deviationl, 3 and nonuniform rate of change of deviations. 4

In addition to angular deviation errors produced by

nonparellelism of the front and back surface of a windscreen, .the

curvature required in the windscreens now being designed for

high-speed flight also introduced angular deviation errors. This

is shown in Figure 2.5, where the angular deviation produced by cur-

vature of the windscreen will vary with the angle of observation

as well as with the observer's eye location. Again, the pilot

will see distortion over his field of vision.

The angular deviation and distortion observed in Figures 2.3,

2.4, and 2.5 will be apparent from a single eye position. In the

operation of an aircraft, a pilot looking through the windscreen

will be using two eyes; and any variation in the angular

5
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deviation for an object at infinity for the two eyes will produce

double vision. This binocular viewing effect has been called

binocular deviation 5' 6 and binocular disparity.7 ,8  Task 8 has

recommended resolving binocular disparity effects into vertical

and horizontal components, since the visual sensitivity to ver-

tical and horizontal disparity is markedly different. Corney 6

described how the tolerance to vertical disparity is the

most stringent and how the eyes' ability to counteract double

vision will keep the images overlapped until the vertical dif-

ference in angular distortion exceeds 10 minutes of arc. The

British military specification for binocular deviation in

windscreens is based on not exceeding the limit of vertical

disparity.
9

The angular deviation errors produced by windscreen prisma-

tic errors and irregularities in the surfaces of the windows will

be dependent upon the angle of incidence. As the angle of inci-

dence is increased, the angular deviation will be magnified.

Figure 2.6 shows how the angular deviation and its derivative

will increase as the angle of incidence is increased from normal

incidence to 90*, and in both cases the dependence on angle of

incidence starts to increase rapidly after an angle of incidence

of 600.

Although not a psychophysical concept, one of the approaches

to defining and evaluating windscreen optical distortion has been

in terms of the localized derivative of the angular deviation,2 ,3

This is because the optical deviation producing visual distortion

comes from a combination of angular 6eviation errors and lateral

deviation errors (displacement) in aircraft windscreens. Changes

in this absolute or optical deviation over the pilot's field of

view result in distortion, and some evaluators 3 believe the

lateral deviation effects are not significant in producing

windscreen optical distortion. Because of this analysis on the

effects of angle of incidence, military standards 10 ,1 ,1 2 ,1 3 have

required that the angle of incidence not exceed 600. However,

7



recent Air Force aircraft windscreens have not been designed

within these specifications. The F-106, F-ill, B-1, T-28, F-5,

and F-15 1 have all exceeded these requirements, and sacrificin:

pilot visual performance has been justified by the increased

aerodynamic performance of the aircraft.

In addition to the effects of angle of incidenre, any

windscreen curvature will affect angular deviation, as shown in

Figure 2.4. A curved windscreen will produce angular deviation for

angles of incidence not equal to zero, even where there are no

windscreen defects and the eye position is not at the windscreen

center of curvature. The amount of angular deviation depends

upon the radius of curvature, windscreen thickness, and the

windscreen's index of refraction. A plot 14 showing t'e variation

of angular deviation in the rate of windscreen thickness/radius

for angles of incidence of 300, 450, and 600 is shown in

Figure 2.7.

In addition to the displacement and angular deviation opti-

cal effects in aircraft windscreens, windscreen optical effects

are produced by windscreen reflection and scatter. Windscreen

reflections produce two undesirable effects, as shown by

Figure 2.8. The first is that light sources within the aircraft

can be reflected by the windscreen into the pilot's eyes,

obscuring vision as shown in Figure 2.8a. This effect is espe-

cially objectionable in night flying. The percent of light

reflected by the inside and outside surfaces of the windscreen

varies from 4 percent at zero angle of incidence to 100 percent

as the angle of incidence approaches 900. In ad3ition to the

reflection of light from internal sources, light from objects

exterior to the aircraft will be reflected from the front and

back surfaces of the windscreen. For angles of incidence at

other than zero degrees, the reflections inside the windscreen

can produce secondary multiple images, as shown in Figure 2.8b.

These multiple images can also occur for the internal reflection

problem of Figure 2.8a. For a laminated windscreen there will be
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Figure 2.8. Windscreen Optical Reflection Effects.
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additional reflection effects; but because of the lower index

differences within a windscreen, these are less intense than the

multiple images produced by reflection at the front and back sur-

faces. Again, these multiple images are usually a problem only

for night flying.

The last two optical effects usually measured in windscreen

evaluation are haze and transmission. Haze is defined in terms

of the light scattered during passage through the windscreen.

Haze contributes to glare when looking at bright light sources

and reduces the contrast in the pilot's field of view. In prac-

tice windscreen surface quality is the most significant factor in

producing windscreen haze. Transmission losses in the

windscreens are produced by absorption within the windscreen,

absorption in windscreen coatings, reflection losses, and scat-

tering. The most significant effect in reducing the windscreen

transmission is the loss produced by surface reflections.

Figures 2.9 and 2.1015 show how the reflection losses of a beam

from the outside of the windscreen front surface or internally

from the front or back surfaces of a dielectric, such as glass or

plastic, will vary with the angle of incidence and polarization.

These losses can be quite large for angles of incidence beyond

700 for external reflections or beyond 400 for internal reflec-

tion. In conjunction with the measurement of haze and

transmission for windscreens, the material color as well as the

windscreens' surface scratches and inclusions are evaluated.

For laminated windscreens developed to provide greater

strength and to reduce the threat posed by bird impacts to low-

flying aircraft, the effect of birefringence must be evaluated.

The polycarbonate materials 1 6 used for the internal layers in

these windscreens are birefringent, and during the windscreen

fabrication process variations in birefringence develop over the

windscreen. Because the windscreen's front and back surfaces act

like partial polarizers for non-normal incidence and the

windscreen contains birefringent material, the transmission of

unpolarized or partially polarized white light wil, be wavelength

11



100%0

(0)

10%,,z5o TS /

z 2
- / i I"-4

15%

00 300 9Q0

ANGLE OF INCIDENCE

Figure 2.9. Reflectance for a Dielectric Having n = 1.5. From
F. A. Jenkins and H. E. White, Fundamentals of Optics
(McGraw-Hill Book Company, Inc., New York), 1957.

100% Totol Reflection

(0).-

z
LU! 50 % - c

_15 % .
4 0 T3 1 0/0Z6L T0% O"" '

o0 00 600 90

ANGLE OF INCIDENCE

Figure 2.10. Internal Reflectance for a Dielectric Having n 1.5.
From Jenkins and White, 1957.

12



dependent. ',Te color effects associated with windscreen

birefringence car. uegrade visual performance and must be mini-

mized durinq the windscreen fabrication processl 6 .

2.2 REQUIREMENTS FOR EVALUATION OF WINDSCREEN
OPTICAL QUALITY

The purpose of this review task was to search the literature

to identify the techniques now used to assess the optical quality

of aircraft windscreens. The emphasis was to be directed toward

evaluation of techniques used to measure optical distortion. The

reason for this emphasis is the lack of agreement on requirements

for optical distortion.

2.2.1 Survey of Present Requirements

In 1973 Grether I summarized the existing requirements of US

military aircraft for optical effects or parameters, and these

are shown in Table 2.1. Windscreens are classified into Type I,

bullet resistant, general purpose, and Type II, bullet resistant

for use with reflector-type gunsights. Each type is further

classified into Gr.dcs A, general purpose, and B, high light

transmission. The standards of Table 2.1 for deviation, trans-

mission, and haze are given for zero degree angle of incidence.

To determine what these values would be at the installed angle,

the multiplication factors of Figures 2.6, 2.9, and 2.10 can be

applied.

All the optical effects shown in Table 2.1 are covered by

military specifications, except distortion. The distortion spe-

cifications from the Air Force Design handbook1 0 are reported,

but the actual specification is left to the procuring agency.

The standards do not cover the birefringence effects associated

with laminated aircraft windscreens, multiple imaging, windscreen

surface scratches and inclusions, binocular deviation, and

windscreen material color.

Corney 5 ,6 in Great Britain has been actively involved in

determining optical requirements for aircraft windscreens. This
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work 6 has led to development of requirements for five types or

categories of windscreens, and these are summarized in Table 2.2.

If the difference in installed angle is taken into account, the

requirements of Grether and Corney (Category I) show fair

agreement. Corney also provides information on requirements for

binocular deviation, surface scratches and inclusions, and visual

distortion.

None of these studies developed requirements for windscreen

coloring or birefringence. As in the case of distortion, these

requirements have not been standardized and are left up to the

individual programs for specification.

2.2.2 Requirements for the F-Ill and F-16

As a result of reviewing the literature on development of

requirements, we found that except for color, birefringence,

multiple imaging, and distortion, general agreement was reached

on acceptable levels of windscreen optical effects. For the pur-

poses of this study, the best way to show this is to consider

specific examples. Presently, two windscreen programs are under-

going research and evaluation by the Aero Medical Research

Laboratory for the F-1ll and F-16. The F-111 is a V-type two-

panel windscreen, and the F-16 is a one-panel windscreen. These

windscreens represent different types of problems because the F-

111 is a large aircraft with side-by-side pilot and copilot, while

the F-16 is a smaller aircraft with a narrow long transparency

and only a single forward design eye position (F-16A), or an

extended windscreen for a front and back seating arrangement for

pilot and copilot (F-16B). The F-1ll also uses separate canopies

in addition to the windscreen.

The optical requirements for the F-16 1 7 windscreen include the

following:

i. angular deviation

2. optical distortion

3. optical defects, i.e., scratches, blemishes, and bubbles

15



Table 2.2. ACCEPTABLE LIMITS OF THE PARAMETERS ASSOCIATED
WITH VISION THROUGH OPTICAL TRANSPARENCIES

PARAMETER CATEGORY i CATEGORY II CATEGORY III CATEGORY IV CATEGORY V

In-Line visual light trans-
mission

In horizontal plane Not less Not less Not less As Category As Category
then 60% than 70% than 55% III III

In area of lowest Not less Not less Not less
transmission than 40% than 50% than 40%

visual Distortion Require- Not Not Not Not
-as assssed by divergence ment greater greater greater greater
of adjacent grid lines by covered by than I in than I in than 1 in than I in
method C other 25 20 10 5

Binocular Deviation Not more As Cate- As Cate- As Cate- Not speci-
than 10 gory I, gory I gory I fied
minutes also not to

exceed 2.5
minutes in
vertical
-direction

Visible inclusions, seeds,* Allow I a) Allow 1 As Cate- a) Allow 1 As Cats-
hairs, fibres and scratches Tyne A Type 8 gory II Type C gory IV

defect defect defect and
only with- and 4 Type 4 Type A
in any A defects defects
circular within any within any
area of area of area of
100 mM 150 mm I 150 m
radius radius radius
no Type B b) Allow 8 b) Allow 2
defects Type A Type C and
No Type C defects 8 Type A

defects only with- defects in
in the sane the sane
area area
No Type C
defects

Type of Transparency Forward- Forward- Main Side nanels Cabin
facing facing vision or other windows.
windscreen side panels area of nontorward- defined
of the for recon- forward- facing areas of
highest naissance $acing transparen- canopies
quality and search panels cies for al
suitable othvr than aircraft
for wea- thosi in other than
pon aiming Categories reconnais-

I and II; sance and
defined search,
areas of selected
side panels areas of
or quarter canopies

I lights .,
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*NOTES TO TABLE 2.2

Type A defects having a diameter in the range 0.2 - 0.5 mm or

equivalent area (0.03 - 0.2 mm 2 ); this includes hairs, fibres, or

hair scratches of width not exceeding 0.1 mm and equivalent area

0.2 mm 2 .

Type B defects having a diameter 0.5 - 1.0 mm or equivalent area

(0.2 - 0.8 mm 2 ) including hairs, etc. of widtn not exceeding

0.2 mm and equivalent area 0.8 mm 2 .

Type C defects having a diameter 1.0 - 1.5 mm or equivalent area

(0.8 - 1.8 mm 2 ) including hairs, etc. of width not exceeding

0.2 mm and equivalent area 1.8 mm 2 .

Defects larger than Type C not admissible.

The following overriding conditions are to be observed.

Defects which are dense black or of other strong color, and

strongly reflecting defects (known as "glint") are not admissible

in panels of Category I, areas for weapon aiming, but are

admissible in other Category I areas, and in Category II and III

dreas. Similar black Type B defects are not admissible in

Category II and III areas.

A local accumulation of defects of dimensions smaller than Type A

is admissible provided the haze requirement is met. The haze

measurement should then be confined to the area of accumulation.

17



4. optical transmission

5. haze

6. material specifications, i.e., color

The angular deviation is controlled only in the forward gun-

sight area of the windscreen, located in Zone 1 of Figure 2.11.

The specification on errors in deviation produced by windscreen

defects is that they must be less than +5 mrad.

For evaluation of minor optical defects the F-16 windscreen

is subdivided into three zones as shown in Figure 2.11. The

defects must be less than 0.035 inch in length, diameter, or

depth; and there cannot be more than 20 in any one zone. The

optical defects include imbedded particles, blemishes, bubbles,

and scratches.

For evaluation of optical distortion, the windscreen is sub-

divided into two areas. Quantitative requirements are based on

grid board evaluation, and line slopes must be less than 1 in 11

for Zone I and 1 in 9 for Zones II and III.

Visual examination is made for apparent bending, blurring,

divergence, convergence, or jumping of grid lines. Any severe

effect would be evaluated by Air Force personnel to determine

acceptance or rejection of any questionable windscreen.

The optical transmission of the windscreen must be greater

than 79 percent and is measured for normal incidence.

The percent of haze of the above transmitted beams must not

be greater than 4 percent.

The color of the material in the laminated windscreen can

not exceed a yellowness index of 8.5 for a thickness of 0.25 inch

(ASTM-D 1925-70) 1 8.

The optical requirement for the F-111 1 9 windscreens include

the following:

i. optical distortion

2. birefringence

18
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3. multiple imaging

4. angular deviation

5. haze

6. optical transmission

7. minor optical defects

The F-ill canopi-,, because of their reduced optical requirements,

are evaluated only for optical distortion, haze, and optical

transmission. Except for optical distortion, the requirements for

the canopies are the same as those for the windshields.

As with the F-16, the F-111 windscreens are required to pass

both visual and quantitative tests in evaluation of optical

effects. The testing is further complicated for the F-Ill

because of different types of quantitative specifications for the

windscreens and the canopies. The quantitative tests for the

windscreens are in terms of lens factor and displacement grade,

while the canopies are evaluated in terms of grid line slope.

For the windscreen, the lens factor cannot exceed 1.25; and the

displace-ment grade shall not exceed 150. These requirements do

not apply to the edges of the windscreens. For the canopies, the

optical distortion must be limited to that which causes a grid

line slope of 1 in 10 in one area and 1 in 6 in the remainder of

the canopy. Again these requirements do not apply to border

areas.

Visual evaluation of the optical distortion is also required

for the windscreens. A grid board is viewed through the

windscreen; and severe bending, broken grid lines, sharp bending,

blurring, or objectionable bulls' eyes will cause rejection.

The Air Force will be responsible for selecting sample

windscreens showing acceptable defects.

Visual evaluation is also used to check for optical defects,

birefringence produced rainbowing, and multiple imaging. Table

2.3 shows the specification and requirements for the six optical

defects to be evaluated. The visual inspection is made from the

design eye position.
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The visual evaluation of the windscreens for birefringence-

produced rainbowing is based upon a comparison with referee

windscreen. The Air Force is responsible for selecting a wind-

screen that shows an acceptable level of rainbowing.

In an acceptable windscreen, multiple imaging must not pro-

duce a secondary image that is displaced over three inches with

respect to the primary image. This specification is an area

weighted evaluation in that this effect must be present over

large portions of the pilot's field of view in order to cause

rejection. The Air Force will be responsible for reviewing any

questionable windscreen.

The allowable haze produced by transmission through the

windscreens and samples is specified at normal incidence. -or a

windscreen without radar reflective coatings, the average value

cannot exceed 3 percent; and with the coatings, the haze average

value cannot exceed 4 percent.

The average luminous transmittance of the windscreens and

canopies is specified at normal incidence. Without the radar

reflection coatings, the average transmittance shall be greater

than 77 percent; and with the coatings it shall be greater than 70

percent.

The angular deviation for the left and right windscreens is

specified and requires evaluation for 135 square grids. The grids

(Figure 2.12) are determined by the intersection of a 3 by 3 inch

square grid with the windscreens. The angular deviation measure-

ments are referenced to a normal incidence measurement of angular

deviation at only one point on the windscreen. The ictual magni-

tude of the specification is difficult to determine because of

the way in which it is stated. The windscreen is subdivided into

an Area IV with a specification on only deviations of magnitude

greater than 3 minutes and Areas I, II, III (Figure 2.13), which are

required to tall within a circle of 20 minutes' deviation and with

a certain prescribed direction. Specifying the angular deviation

22



Figure 2.12. Windscreen Grid for Evaluation of Angular Deviation 
for the F-ill Windscreens.

IIt

Figure 2.13. Four Zones for Evaluation of Angular Deviation for the F-ill Windscreens.
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where the angle of incidence varies with each measurement, makes

it difficult to determine the actual angular deviation specifi-

cation, and the value of deviation allowed is not mentioned in

the acceptance test procedures. Within Area IV, the direction of

all deviations greater than 3 minutes must be evaluated. The

vectors are required to have less than 1800 difference in angular

direction over any 18 inch horizontal section of the windscreen.

2.3 TECHNIQUES FOR EVALUATION OF WINDSCREEN
OPTICAL QUALITY IN THE F-16 AND F-Ill

Table 2.4 shows the optical effects or parameters that are

measured for the F-Ill and F-16 evaluation. The requirements

for these parameters were discussed in the previous section, and

the techniques used for their evaluation are described in this

section. The current test procedures for evaluating the F/FB-lll

are given in the "Acceptance Test Procedure 601-E, Revision E for

F/FB-lll Bird Impact Resistant Transparencies" 1 9 and the pro-

cedures for the F-16 are given in "Secification No. 16ZKO02D,

Critical Item Development Specification F-16 Transparencies."
1 7

TABLE 2.4. OPTICAL EFFECTS EVALUATED FOR F-Ill AND F-16

Measured Parameter F-1ll F-16

Optical Distortion YES YES

Angular Deviation YES YES

Optical Defects YES YES

Optical Transmission (luminous, YES YES
transmittance)

Haze YES YES

Birefringence-Produced Rainbowing YES NO

Multiple Imaging YES NO

Binocular Disparity NO NO
(Documented Only)
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2.3.1 Optical Distortion

The optical distortion of the F-16 is evaluated by visual

and photographic evaluation of a grid board from the design eye

position. The grid board has white lines against a black

background. The maximum spacing of the white lines is one inch,

and the grid board is located 15 feet from the transparency under

test. To obtain qualitative data, the procedure is to photograph

the grid board through the transparency and then to measure the

grid line slopes. The slopes are measured from 8-1/4 by 10-inch

photographs using a drafting board. The camera used, a Speed-

Graphics 4X5 with 135 mm lens or the equivalent, is mounted at

the forward design eye position. For the F-16B windscreen, the

optical distortion is also evaluated from the rear design eye

position.

Visual evaluation of the optical distortion requires only

that the grid board, when observed through the windscreen from the

design eye position, indicate no immediate apparent bending,

blurring, divergence, convergence, or jumping of grid lines. Any

visually observed defect that may be severe enough for rejection

is to be photographed and reviewed by the Air Force.

Optical distortion of the F-1ll windscreen is evaluated with

several techniques. Visual techniques are used for

evaluation of the windscreen, and different quantitative tech-

niques are used for evaluation of the windscreens and canopies.

Quantitative evaluation of the windscreens is obtained from

measurement of lens factor and displacement grade, and canopy

quantitative evaluation is obtained by the grid line slope tech-

nique. There is no visual optical distortion evaluation of the

canopy.

The windshield visual optical distortion evaluation is per-

formed by evaluation of grid board distortion from the design eye

position. The grid board is a one inch square grid of white lines

on a black background and is large enough to cover the field of

view through the windscreen. The grid board is located lb.67
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feet from the design eye position. Distortion is judged by com-

parison to a referee windscreen selected by the Air Force. A

magnitude estimation procedure is used to rate the referee

windscreen and permit visual evaluation of the production

windscreens.

The lens factor and displacement grade determination

measurements used for quantitative evaluation of the windscreen

are obtained from 8 by 10 inch photographs of the grid board,

taken at the design eye position using a 4 x 5 view camera with a

135 mm lens. The photographs must be properly positioned on a

drafting board to allow accurate, orthogonal measurements.

Measurements must be made on a section of the grid board that

extends beyond the limits of the transparency. Evaluation of the

grid board beyond the transparency gives a true measure of grid

squares per inch. To determine the lens factor, measurements are

made of the squares per inch as seen through the windscreen. The

grid images are compared to determine the ratio of squares per

incti outside the windscreen divided by the squares per inch as

photographed through the windscreen. This ratio (usually greater

:.han one) is then cubed to obtain the "lens factor." The disla-

cement grade is determined from measurements of the maximum

displacement of the horizontal and vertical grids relative to

their position without the displacement produced by imaqing

through the windscreen. Again the grid board image outside the

transparency is used as a reference base. The calcuiations to

obtain the displacement grade are not directly translatable to

standard values.

The grid line slope evaluation procedure for quantitative

evaluation of the canopies is almost identical to the distortion

test specified for the F-16. The procedure is to photograph the

grid board through the canopy and then to measure the greatest

grid line slopes. The measurement is again made using a drafting

board. The canopy is mounted ten feet from the grid board with

the one-inch square grid pattern, and the camera is mounted at
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the design eye position. The slope of the line is specified in

terms of the number of grid squares crossed in the direction of

the grid line being evaluated.

2.3.2 Angular Deviation

For both the F-Ill and F-16, no specific technique is

described for measuring angular deviation. It would appear that

in both cases so much information is required for acceptance

testing that no single technique can be recommended.

In the case of the F-16, the data are taken at the design eye

position and four other positions above and below the design eye

position. For each position the deviation is measured at 5b

positions over the field of view. This is repeated for the rear

design eye position of the F-16B. From the measured deviation

data, the azimuth and elevation components of the deviation data

are plotted and compared to the theoretical deviation. The

theoretical deviations are obtained from the following equation.

Y e =  C + C2 Icos (C2E + C4)], (I)

wnere Ye is the elevation component of the angular deviation; E

is the elevation view angle in degrees and C1 , C2 , C3 , C4 are

constants for each type of windshield; also,

Ya =  0.2605 + 0.3b74A (2)

where Ya is the azimuth component of the anqular deviation, and A

is the azimuth view angle in degrees. Angular deviation data are

recorded for seven field angles trom the gun camera position,

which is located 4 inches below and 24 inches Lorward of the

design eye position. From this data an optic data package is

prepared showing all the measured experimental angular deviation

data, plots of theoretical angular deviation data for the six

different positions over the field of view, and curves that com-

pare experimental and theoretical angular deviation data.

For the mapping of the angular deviation at 135 points over

each of the right and left windscreens of the F-Ill, no specific

technique is given in the F-Ill test procedure. 19  However, two
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recommended measurement techniques are diagrammed in the report.

The actual test to be used is at the discretion of the manufac-

turer, so long as the test yields the required data. One tech-

nique described evaluates the deviation errors by determining the

deviation of an unexpanded laser beam by the test windscreens.

The position of the laser beam is plotted on an x-ray recorder,

and a complete deviation map is made from the 135 separate

measurements. The report outlines the mapping process, and the

test specification is long and complicated. The mapping proce-

dure requires the use of three templates which must be aligned

according to the direction and magnitude of the "bore sight

vector" associated with the point being tested. Each deviation

measured is graphically drawn using a vector representation. All

the deviation vectors must fall within the tolerance template

associated with that area of the windscreen.

2.3.3 Optical Defects

For both the F-1ll and F-16, optical defects are evaluated by

visual examination. Inspection is performed where the windscreen

is between the source and the observer. The illumination source

is angularly offset so that the windscreen can be inspected

against a dark background. For the F-ll1 the source specified is

blue-white fluorescent lamps; for the F-16 the source specified

is the equivalent of light from a clear sky without sun [CIE

Illuminant C1. Quantitative measurements are made using an opti-

cal comparator. Inspection is made from close in and from the

design eye positions.

2.3.4 Luminous Transmittance and Haze

For the F-Ill and F-16 the luminous transmittance and haze

are determined using the Federal Test Method 3022 of FTM-406 or an

equivalent test such as described by ASTM-D 1003-61.2 0 By means

of a CIE Illuminant C source, the haze and transmittance are

determined by measuring the light illuminating the windscreen,

TI; the total light transmitted by the windscreen, T2 ; the light
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scattered by the measuring instrument, T3; and the light scat-

tered by the instrument and windscreen, T4 . From the measured

values the luminous transmittance T t, is given by

Tt = (3)

To calculate the amount of haze, the diffuse transmittance, Td,

is first calculated from

Td = [T4 - T3 (T2/Tl)]/TI; (4)

and the percentage of haze is obtained from the ratio of diffuse

transmittance to luminous transmittance, i.e.,

Td
Haze, percent = T- x 100 (5)

2.3.5 Birefringence-Produced Rainbowing

The rainbowing produced by transmission of polarized light

through laminated windscreens is evaluated visually for the

F-1ll. This effect is not evaluated for F-1ll canopies. There

is no specification on birefringence-produced rainbowing for the

F-16.

Evaluation of the rainbowing is made with respect to a

referee windshield. A light box having a lighted aperture of at

least six by nine feet is used to back-illuminate a polarized

screen. The light box provides an illumination with at least 300

footlamberts. The illumination must be a diffuse white light

source that is 80 percent polarized in the horizontal direction

after passage through the polarizing screen. The windshield to

be tested is located side by side with the referee windscreen;

and both windscreens are placed in the installed orientation,

less than one meter from the test pattern. The rainbowing is

ooserved from the design eye position. The evaluator will alter-

nately view the referee windscreen and the inspection windscreen.
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Undesirable rainbowing effects will include edged color changes

or bright, compact color patterns. The referee windscreen is

selected by the Air Force, and a magnitude estimation

procedure 1 9 is used to rate the referee windscreen and to permit

visual evaluation of the inspection windscreen.

2.3.6 Multiple Imaging

The multiple imaging effects produced by multiple reflec-

tions in the aircraft windscreens are evaluated visually for the

F-Ill. There is no specification on multiple imaging for eitner

the F-16 windscreen or the F-Ill canopy.

As in the case of "rainbowing," this evaluation is made with

respect to a referee windscreen. The inspection occurs from tne

design eye position, and a backlighted 6 by 6 inch grid of 1/16

i ich wide lines is used as a test pattern. The test pattern must

ue at le-:ast Ii eet *rj.i by 16 feet wide, and the oack illumina-

tion of the test pattern must be at least 300 footlamberts.

Again the referee windscreen is selected by the Air Force, and a
magnitude estimation procedure 19 is used to ratoe refre

windscreen and to permit visual :valuaticn oL ::e n:ecti.n

windscreen. The windshields are placed in the design installed

orientation with the design eye position 200 inches from the test

pattern. The referee and inspection windscreens are placed side

by side, and the inspector alternately vievs the referee and

inspection windscreen.

2.3.7 Binocular Disparity

There is no specification on the allowed binocular disparity

for either the F-ill or F-16. However, for the F-1ll a pho-

tographic record of the grid board used for evaluation of the

optical distortion in the windshields is made with the windscreen

1-3/8 inches to the left and right of the position used in the

optical distortion test. The two exposures are done with a red

and green filter, and both are recorded on a single sheet of

Kodacolor film.
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2.4 OPTICAL DISTORTION TESTING TECHNIQUES
EVALUATION AND SUMMARY

The major objective of this phase of the evaluation and

development of optical test procedures used in aircraft

windscreens was to identify and evaluate the techniques used for

measuring optical distortion. This section will review these

techniques. Although not exhaustive, the techniques evaluated

here are representative of all those found in our literature

review. Each technique is described, and the evaluation of each

approach includes consideration of the following: (1) whether it

evaluates lateral deviation, angular deviation, or coupled angu-

lar and lateral deviation; (2) whether it evaluates the variation

in deviation over the transparency or only maximum and minimum

measures of the deviation over the transparency; (3) whether it

evaluates binocular disparity effects for transparency deviation

effects; (4) whether it evaluates any psychophysical effects; (5)

the complexity of any instrumentation required; (6) relative cost

of the instrumentation associated with the different techniques;

(7) tne time reuuired to analyze tre experimental data; (8) the

level oL experience required to perform the tet and data

analysis; and (9) the accuracy of the data obtained with each

technique.

The absence of agreement on a standard for evaluation of

optical distortion has arisen because of the various effects asso-

ciated with its presence. Optical distortion is the localized

and overall variations in the image apart from the tru6 image,

and is caused by variations in thickness, wedge, or curvature of

an optical windscreen. The rays of light traveling through such

a windscreen are bent or deviated, both angularly and laterally,

and to different degrees. These variations of deviations with

changing line of sight can have severe effects on the appearance

of objects viewed through the transparency. The resulting image

can (1) be bent out of shape; (2) appear magnified or demagnified

due to optical power in the windscreen (lensing); (3) be

magnified or demagnified in only one dimension, as well as be
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shifted in space, due to unequal curvatures of the transparency

(anamorphic distortion); and (4) have small localized distortions

such as localized power errors (bull's eyes) or symmetrically

connected smaller areas (butterflies) due to irreg-ularities or

discontinuities in coatings on the transparency. 14

The effect of distortion of an image is primarily psycholo-
gical; therefore, the precise accuracy of measuring distortion is

difficult to specify. A localized distortion may appear less of
a problem than a widespread distortion, since the mind can easily

correct for a localized discrepancy. A widespread distortion

will warp an image without presenting a known reference of what

the object should look like or where it should be located.

Therefore, a widespread distortion may give "false" information

about the object being viewed. However, a sharp localized

distortion may cause an image to jump or change in shape or size
very quickly as the image traverses the field of view. This

could be very disturbing and confusing, especially in a situation

requiring a quick decision. It is clear that all distortion

tests must ultimately relate to human factors. However,

straightforward visual inspection requires experienced personnel

and is very subjective.

To determine how an image is being degraded by optical
distortion, any test method must evaluate the extent to which the

light rays from a test object passing through the test

transparency are deviated in the final image plane, and must map

the deviation of the various rays from their paths for a
"perfect" image. Two techniques are reviewed here. The first

requires the direct measurement of the deviation point by point

over the field of view while the second evaluates distortion by a

single photographic recording of a grid board that covers the

field of view. Of the optical distortion evaluation techniques

reviewed, only one directly considered psychophysical effects on

vision; and this involved the use of a trained observer.
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2.4.1 Beam Deviation: Angular and Lateral

Beam deviation is measured by a number of simple and

straightforward techniques. If only angular deviation is to be

determined, the windscreen is adjusted so that the evaluation

beam is incident normal to the windscreen. By evaluating beam

deviation with the windscreen mounted in the design position, the

beam deviation over the field of view will include both lateral

and angular deviation errors. By the proper experimental tech-

niques, the two deviation effects can be separated and only angu-

lar deviation measured if desired.

The American Standard Safety Code 261-193821 (MIL-G-5485C,2 2

MIL-G-25667B 2 3 ) described a technique whereby a projector is used to

project a straight line between two straight lines on a screen 25

feet away. The windscreen or test sample is then placed one foot

from the projector, between the projector and the screen. A

variation on this approach is to project a single beam on the

screen and have a set of concentric circles replace the two

straight lines. In the description of this approach the sample

is always placed normnal to the line of signt so as not to incluie

lateral deviation in the measurements.

The accuracy of this approach can be estimated using the

fact that the two reference lines are 1/2 inch apart and the line

widths used in optical distortion evaluation are 1/16 inch wide

at the grid board location. At a distance of 25 feet, a line

width of 1/16 inch corresponds to an angular resolution of +0.37

minutes. Although not resolvable from a distance of 25 feet, the

line image can be resolved to 1/16 inch; and this is a conser-

vative estimate of the accuracy of this technique in measuring

beam or image deviation.

A similar approach is described in ASTM-D-881-48, 24 where the

deviation errors are determined using a telescope and target. In

this technique a line of sight is established by focusing a

telescope on a target. The telescope must have cross hairs and

the target will consist of concentric circles, cross hairs, or
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straight lines. When the windscreen to be tested is placed in

the line of sight, the apparent position of the cross hairs on

the target is shifted. From the magnitude of the shift and the

distance between the target and the test windscreen, the

deviation of the line of sight can be calculated. Again by

requiring normal incidence of the windscreen to the line of

sight, the measurement will not include lateral deviation

effects. In this measurement the telescope provides 15X magnifi-

cation so the resolution is 15 times better tnan the eye visual

resolution, or 0.067 minutes. The variation in deviation is

calculated in the above approaches over the windscreen evaluation

area to permit evaluation of the total windscreen area.

These techniques are all adaptable to a direct binocular

measurement by using a double aperture on the viewing or pro-

jectinq optics. Binocular disparity for these double projections

or viewing systems can be determined by comparing the super-

position of the two projected or viewed targets instead of

referencing to the true line of sight.

To permit evaluation of angular deviation while evaluating

the windscreen installed at the design angle, the deviation intro-

duced by the windscreen is measured using a collimated probe

beam. This technique has been described in a recent McDonnell

Douglas Corporation report2 5 . A telescope is used to define the

line of sight of a collimated beam, and the telescope image of

the collimated beam can be used to separate the angular deviation

from the lateral deviation. Since all parallel rays, regardless

of lateral displacement within the aperture, will focus or image

to the same location, only an angular deviation will cause the

focus of the collimated beam to shift. The accuracy of this

technique is less than one minute of arc because the angular size

of the individual images is 10 minutes in the telescope, and the

overlap of the two images can be readily determined to 1/10 their

individual diameters.
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This approach can also be accomplished using a collimated

laser beam (one or two) and a position sensitive detector.

Task8 has described this approach for mapping the angular

deviation over a windscreen. A movement jig held the windscreen

at the installed angle and moved the windscreen in azimuth and

elevation about the pilot's design eye position.

The accuracy of any of these techniques is limited only by

the target or graticule used. These tests are repeatable, objec-

tive, and easy to perform. Most of the parameters of interest

(angular deviation and binocular deviation) are measured

directly, requiring nothing further than a calibration of the

target. However, determining overall distortion requires that

many data points be taken.

A less quantitative method was proposed by A. L. Wickeser,

et al. 21 A uniform light field is established by approximating

a point source of light. The transparency is then inserted. Any

variation of deviation will cause light and dark patterns to

appear on the projection screen. This is the result of some

beams being deviated to dn area where other beams are incident,

thus increasing the intensity in these areas and decreasing the

intensity in the area where an undeviated beam would have been

incident.

2.4.2 Grid Board Photography

The most commonly used techniques for distortion testing

involve photographing a grid board through the transparency being

tested. These techniques include (1) taking a single exposure

of the grid board and measuring the slope 9 ,l4 ,l9 or magnifica-

tion variations2' 1 9 of any lines; (2) taking a double exposure,

one without the transparency in and one with the transparency in,

and looking for "splits" in the lines of the two exposures 2 6 ; (3)

taking a triple exposure through the transparency, translating

the transparency vertically between exposures, and measuring the

"growth" of the grid squares; 2 7 ,2 8 (4) taking a single exposure
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through a two-hole mask (a modification of number 3);27 (5) just

visually inspecting a grid pattern as seen through the

transparency being tested 1 9 .

All of the photographic techniques have much in zommon, and

the equipment required is oasically the same. This equipment

includes (1) a well-illuminated standard grid board (generally

1/16-inch lines with I-inch spacings); (2) a mount for holding

and positioning the windscreen transparency; (3) a camera with a

4 inch by 5 inch format (speed graphic or equivalent); and (4)

generally some form of a drafting table to make measurements.

This equipment is simple and inexpensive. Other equipment, such

as digitizing equipment or a computer could, of course, be

includea in future work for the purpose of simplifying and expe-

diting the data analysis, but the equipment required to actually

perform the tests would remain about the same.

The parameters measured by these photographic techniques are

also the same for the different approaches, with a possible limita-

tion in the way the results are analyzed. These techniques do

not directly measure absolute (total) or angular deviation; the

lateral and angular leviation are coupled into one effect. It

would be possible to determine the actual angular deviation to

the undeviated beam by referencing the data found through the

windscreen to the undeviated data and subtracting a calculated

lateral displacement found by other means. This process would be

laborious and unnecessary since the angular deviation can be

measured directly by other techniques, that measure the change of

anglular deviation. This is the major cause of any sudden

changes in image figure, hence the distortion and lensing effect

seen through the transparency. Since the grid board techniques

are designed to test an entire area of the transparency at one

time, these tests give an immediate indication of the overall

distortion of the image caused by the transparencAy as it would be

seen when in use. The direct analysis of the data received from

the grid board photographing gives the point-by-point change in
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deviation. The time involved and the accuracy of the quan-

titative results are different for the different techniques and

will be discussed later. Further analysis and numerical com-

parison of the data can give a measure of binocular disparity.

From this information, a measure of the anamorphic distortion,

the amount of variation of lensing between a horizontal and ver-

tical line of sight, can be derived.

The differences between these grid board photography tech-

niques are the result of different analysis procedures. To

obtain accurate, quantitative, objective, and repeatable results

with any of these techniques requires a fairly laborious pro-

cedure by trained personnel.

2.4.2.1 Single Exposure Grid Board Photographs 2 ,9,14 ,1 9

The procedure for the single exposure technique is to pho-

tograph the grid board through the transparency. This may be

done at a number of locations (left eye position, right eye posi-

tion, design eye position). Some tests also require that a

crterence ptiotograph be taken w;ithout the transparency inserted.

The slope ot any grid lines or variations in magnification of the

grid square is then measured, using a drafting table or plotting

the coordinates of selected points and com-paring the measure-

ments to the reference photograph. Grid slope techniques are

used in the evaluation of the F-111.

From the ratio of grid magnification for the photo raphs

taken with and without the transparency in place, the windscreen

quality factor called lens factor can be determined. This

quality factor is used for evaluation of F-Ill windscreens, and

the measurements are made at different areas over the windscreen.

A second quality factor used for the F-1ll windscreen eval-

uation is called the displacement gtade. 2 ,1 9 The displacement

grade is given by measurement of the maximum displacement of the

horizontal and vertical grid lines and is found by adding the

maximum vertical displacement of any horizontal grid line (in
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hundredths of an inch) to the maximum horizontal displacement of

any vertical grid line, and by multiplying the sums by 1000.

Again the measurements are made at different areas over the

windscreen. These measurements are limited by the accuracy ot

the measuring instrument and the accuracy of the resulting sta-

tistical calculations. A trained individual could make these

measurements fairly accurately. However, a trained and

experienced person may also tend to make "rule of thumb" esti-

mates to speed up this laborious task.

A point-by-point comparison of the test photographs to the

reference photograph can also be performed. This data can then be

analyzed into other measurements of interest.

The accuracy of the measurements can be estimated from con-

sideration of the fact that the distortion is determined from pho-

tographs showing 14 to 16 grids to the inch and that a line

position can be measured to an accuracy of 0.01 inch with the

drafting equipment now used. Slope tolerances of the F-Ill are

1/20, and slope tolerances of 1/1C to 1/'u ace usual. These

measurements are usually taken over distances qreater than 2.5

inches, and if a deviation of 0.01 inch can be determined over

2.5 inches, the minimum measurable slope error is 1/250.

2.4.2.2 Double Exposure Grid Board Photographs 26

The procedure for the double exposure techniques is to pho-

tograph the grid board without the windscreen in place, then to

insert the windscreen and take a second exposure on the same

photograph. Any distortion caused by the windscreen will cause

"splits" between the grid lines photographed before inserting the

transparency and the grid lines photographed through the

transparency.

The simple approach to analyzing this data is to divide up

the photograph into "field of view" areas and to count how many

splits are seen in each area. The judgment of whether a line is
"split" or not may vary from one inspector to another. This type
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analysis requires some experience tor the results to be

repeatable. To do a more quantitative analysis, the actual split

separation and length must be measured. After this laborious

task, a determination of acceptable maximum values (arbitrary

units) would be made. Since this process cannot be easily auto-

mated, it is limited to giving an overall picturell if it is to

be analyzed easily.

2.4.2.3 Triple Exposure and Two-Hole Mask Technique
2 7 ,2 8

The procedure for the triple exposure technique is to taKe

tnree exposures on the same photograph, translating the

windscreen vertically by a specified distance between exposures. A

modification of this same technique is to take a single exposure

through a mask with two holes displaced vertically. The

variation of deviation and lensing is then obtained by measuring

the change in the size of the grid squares. The theoretical

objective of this method is to simulate dynamic flight conaitions

rather than to rely on a statistical comparison. Therefore, this

method is aimed at measuring the rate of change in deviation.

The test still basically measures the change in deviation, but it

also references this change to a fixed dynamic change. This pro-

cedure gives an overall view of widespread distortion (lensing).

Measuring localized distortion quantitatively becomes laborious,

since it is basically a variation of the split line technique.

The photographs may contain too much information to make an area-

by-area analysis of the windscreen, and binocular deviation would

be difficult to determine with this technique.

A summary evaluation of the optical distortion techniques

is shown in Table 2.5, indicating the parameters tested and eva-

luated, whether the techniques involve evaluation of psychophysi-

cal effects, time required for data evaluation, the cost and

complexity of instrumentation, the complexity of the technique,

the repeatability or precision of the technique, the objec-

tiveness or subjectiveness of the technique, and comments about

the technique.
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TABLE 2.5. REVIEW OF OPTICAL DISTORTION TESTING TECHNIQUES

Tests a. Deviation b. Angular c. Rate of d I,,,c ar e , 

(Coupled Dev i at ion Change of Disparity !st ,r

Lateral and Angular

Anu Iar) 
Deviation

1. Project a straight YES Normal inci- Requires corn- Req-lts -tul- Must -- ratrl..p'

line between 2 limiting dence required parison of taneus prie- l.ted

straight lines." 
for windscreen point to point ti.n I two

illuimination measurements lines

2. View or project a 
Requires simul- dit and

graticle through a 
t o- P w)

telescope with a reticle 
tion of tw

in it.
1

rtc

3. Aa 1 and 2 but with 
indreiat and rdiate

a double viewing or pro- f.l to

)ecting aperture.! 
onlyfr

4. Transmit two collimated NO Direct 
-- a

beas and evaluate at a com- di.t on

m focas.' 
only)

5. Project a uniform amp- YES NO (coupled Irnediate and Not directly (irert

litude diverging light beam 
with lateral direct obtainable

and look for light and dark 
deviation)

patterns.aI

GRID BOARDS

6. Single exposure made of NO Must be ex- Direct Miist be en- ln,.1 iarc

grid board. Evaluate line 
trapolated

slope, lensin1 or displace-

ment grade. i
'

7. Double exposure made 
of

grid board. 'line splits"

measured or counted. '

8. Triple exposure made

of grid board. Evaluate

line slope and lensing

differences.'2'

9. Single exposure made

of grid board through a

two hole mask. Evaluate

line slope and tensing

differences.1, id * YES

NO (coupled

10. Use trained inspectors to with lateral

view grid board and compare to deviation)

standard photo or windscreen.
'



f. naaor ph ic Time to Analyze Complexity and Level of Experience to Technique Accuracy Connects
Pistort ion Results Cost of Equip- Perform Test and Analysis

.ent

Must he ex- Immediate for Simple and None for a and b, .0.37 min of devia- Limited for direct
trapolated a and b, ti- moderate cost- limited amount for Tion for /16" line evaluation

consumin
9 

for under $1 1t others image
others (4-6 hrs)

lwdate Simple - tele- 15X telescope, so Better accuracy than
and direct scope equip. resolution is 1 and adaptable to

and mounts $1It- 0.067 min,accuracy evaluation of bi"o-
$2 K 1 man cular disparity

Immediate for a, b, None for a, b, d, and 40.37 min or Adaptation of 2 to 5
d, and I laborious f, limited amount for 0.067 mIn binocular disparity
and long for c,e c and e technique
(4-6 hr)s

Must so en- Immediate for b moderate-laser Limited amount for all 1 cin Basic binocular dim-

trapolated and d, laborious required $2.5- task parity technique

and long for ce, $3 K
and f (4-6 hra)

NO Imediate very simple Limited to extensive Qualitative test, Visual technique for
under S500. depending upon infor- limited by human evaluation of wind-

mation required judgment screen from variations
in direction of trans-
mission, subjective

YFS Laborious and Simple photo Moderate for photo- Slope error 1/250, Present data analysis
ong sith equipment and graphy and data evalua- 0.01 inch accuracy technique very
present evalo- mountsa $1Sf - ton in any line position laborious
ation techniques $2 K

Moderate

Laborious andLong Slope error of 1/250, Can be confusing to
0.1 wth accuracy in analyze
any line position

Can be confusing to

analyze

Immediate Simple Requires trained - Qualitative test, This is a realistic
under $700 experienced limited by human test to which all

inspectors judgment others must ultimat-

ely relate, but It
ia subjectlve. This
ma the only tech-
nique which directly
evaluate, psycholo-
gical effects.
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2.5 SUMMARY

This report summarizes a literature search done to identify

techniques now used to assess aircraft windscreen optical

quality.

The optical effects that were found to be evaluated in

windscreen optical quality measurements included optical distor-

tion, angular deviation, optical defects, optical transmission,

haze, multiple imaging, binocular disparity, and birefringence-

produced rainbowing. For each optical effect the techniques used

for measurement were evaluated to determine their effectiveness

and whether there was agreement on what techniques were best

suited for evaluation of the different cptical effects.

Agreement was good on the best way to evaluate all the optical

effects except optical distortion, biretringence-produced rain-

bowing and multiple imaging.

The task emphasized the study and evaluation of techniques

for measurement of optical distortion.
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SECTION 3

EXPERIMENTAL EVALUATION OF WINDSCREEN TESTING
TECHNIQUES AND FOUR F-ill 'qINDSCREENS

A variety of windscreen testing techniques were evaluated

using windscreens supplied by AMRL. These techniques are

outlined in Section 2, with the exception of the binocular

testing extensions addressed in detail in this phase of the

program. Specific techniques investigated were the following:

1. Grid board photographic techniques, because of their

w e and general use.

2. Telescope and target measurement, because it is a

simple and direct procedure.

3. Laser beam deviation measurement, because it allows

more versatility than other techniques but is as

simple in principle as the telescope testing

techniques.

4. Some interferometry systems, oecause of tre known hign

precision obtainable with interferometry.

3.1 GRID BOARD PHOTOGRAPHY

Acceptance testing of the Air Force's aiicrart windscreens

usually includes grid board testing, that is the visual obser-

vation and photographic recording of a grid board, through a

windscreen. In evaluating this approach, ooth single and

multiple exposure techniques were studied. The multiple exposure

techniques permit the evaluation of binocular effects.

3.1.1 Single Exposure Techniques

The main emphasis in tne evaluatiucn ct griJ boar-

photography has been the grid line slope measurements (sin~ie

exposure photography) currently used in the evaluation of F-Ill
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windscreens. The photographic procedure for this technique is

very simple. A 4-by-5 camera is placed at the design eye posi-

tion and a single exposure photograph taken of the grid board

through the transparency, with the windscreen in the installed

position.

To allow for comparisons reference points were established

on the grid board which gave a standard x-y coordinant system on

the grid board. This referenced grid board (no windscreen) is

shown in Figure 3.1. To evaluate a larger area than the grid

board covers (3 ft by 4 ft), the grid board was moved around and

a series of photographs taken. This gave an effective grid board

size of approximately 5 ft high by 7 ft wide. Two of these

composite photographs are snown in Figure 3.2 and 3.5. The grid

line slopes are then measured from 8 by 10 photographs which are

enlarged to give 16 grid sqares per inch (of undistorted grid

squares).

Even though "taking tne picture" is not aifticult, a number

oL other factors m-ust cc consdeted, in colcacic "ir o

photograph taken without the windscreen in place to one taken

through the windscreen, it must be remembered that the insertion

ot the windscreen has increased the optical path length and

required a refocusing of the camera. This means that the

apparent grid board size has been changed (beyond lensing effects

of the transparency). For most considerations this size change

should be insignificant (about 1.5% decrease in size). A more

significant concern is the control of the size of the enlarge-

ments (for compacison purposes). However, if only grid line slopes

are to be measured this is not a great concern in that it will

affect only the possible accuracy of the measurements. The

camera and enlarger optics should not introduce any significant

error and this can be verified by always including a reference

grid board photograph of the undistorted grid board.
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From the data taken the greatest source of error is in the

actual measurement of grid line slopes. The line slopes being

measured are not the slopes of straight lines but rather of curves,

and the ability to measure any set of lines repeatedly is a matter

of experience. This problem is compounded by the inherent error

in the mechanical measuring instruments. This error could be

reduced by electronic digitization and computer analysis of the

curves directly.

An interesting effect seen in these photographs is the

"highlighting" of distortion areas introduced by defccus (see

Figures 3.2 and 3.3). By setting the camera to have a small

depth of field, even slightly distorted areas "stand out" because

they introduce a sudden, localized change of focus (as opposed to

the gradual change from one edge of the grid board to the otner).

This indicates that these distortion areas exhibit a very

definite lensing effect. The grid slope measurements are not

made any easier by this defocus, but the areas of distortion can

be seen more quickly.

3.1.L Multiple Lxposure Techniques: Their Use For
Determination Of Binocular Disparity

As an extension of the direct single exposure method

several multiple exposure techniques were tried. These tech-

niques include taking one exposure without the windscreen
inserted and one with it inserted; taking one exposure at the

left eye position and one at the right eye position (a binocular

disparity test); and taking three exposures with a vertical

translation between each and checking for a change in grid square

size. These techniques proved to be technically difficult for a

number of reasons. First, 35 mm cameras (which the specifica-

tions generally called for) do not allow for accurate double

exposures to be taken unless they are specially outfitted (with

pin registration). Next re-aiming and focusing the camera, after

it had been moved, was difficult, since not all points line

up on the grid board for each exposure. However, as the eyes
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look from one point to another they tend to "merge" the two ima-

ges at that point and "average" the others. Even after a reason

able realignment has been accomplished using a 4 x 5 camera, it

is difficult to reload the film accurately to the same location.

This problem of camera movement and film alignment is overcome by

keeping the grid board and camera fixed and translating the

windscreen, in a parallel fashion, from one eye position to the

other.

A more satisfying method of obtaining multiple exposures

is to overlay the negatives. All of the various exposures can be

taken separately, then many different combinations of multiple

exposures can be examined by overlaying the negatives and

printing the multiple exposures as one photograph. When

overlaying the negatives the problem of alignment can be more

easily dealt with in real time, without the need for many pho-

tographs which must be developed first to see if they are accep

table. An interesting effect observed was the moire patterns,

which followed the deviations (making the deviations stanO out),

occurring when a negative was overlayed on a positive at a sligqIt

rotational angle. These patterns may be worth further

evaluations.

Binocular disparity measurements were made using both the

above approaches. Two single exposure photographs were taken,

one at each eye position, and one double exposure photograph was

taken from one exposure at each eye position. These exposures

were taken in such sequence to allow exposures at each eye posi-

tion to be the same. The double exposure photograph shows a ver-

tical translation which increased to the upper left of the

photograph with some non-linear horizontal-translation apparent

in the central area as shown in Figure 3.4. Figure 3.5 shows the

results ot the superposition of two single exposure photographs.

Because it was not possible to accurately superimpose the two

single negatives, the results of Figures 3.4 and 3.5 are not the

same. To accurately superimpose two negatives would require one or
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two well def ined refe-rence points that do not move b~etween exp--

sures and are not seen through the windscreen. This could b-

done if such an approa h is used for windscr,-en t-;f I 1q.

3. 2 POINT-BY-POINT MEASUREMENTS

In this approach the windscreeni evaluat-ion snrne

many separate measurements of thle winidscreen errors c-.-r t-.- ir"Cj

of interest. Techniques developed have been basod upo,.n mapiriq

the deviation of a collimated bieamn or some image.

3.2.1 Measurements made with a Telescope and Taraet

To compare the grid board ph~otography to a difierent '?cls-

nique and measurement unit, the total deviation was imeasur-es

selected points on the grid board as seen tnlrou(.Vtt w ind r.-n

This was done by aimiriq an alignmt tesoue w-:.r', ~'-'

1 inch aperture, at a selected rererenice i-lr, ia 1'r'

on the grid board (no windscreen inserted), tnen iris-errtno ti,(

windscreen and noting the deviat ion. This; -e- I,

F;.qure 3.6. 3ecause t-.Ie ;r ii d .

light source, and the imaging system is wur~iinu wil'!,ni

jugates, both the effects of angular deviation and LitPixilL

displacement are observed. This system then aives a meianur

total deviation at that point.

A telescope system of this type gives a conrstant and

reliable degree or accuracy, limited only by thle target accljracy

(this telescope has a usable resolution of less than 11)eori'

or arc). Problems were encountered in realizing this cirw

areas of the windscreen where there i;s cons iderable blurrinq an(4

double imaging. In the case of double imaging there is an amni-

guity as to which image to measure. The qpneral bluringi is- thfe

result of anamorphic lensing, which prevents focsir rat In.

telescope on more than one "small" area at orp tirno, th us ma ~ini

the measurements difficult if niot impossihlp.
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3.2.2 Laser Beam Deviation Measurements

These point-by-point measurements were performed using

a laser beam. The procedure was the same as with the telescope

(see Figure 3.7). The total deviation measurements obtained

using the laser beam agreed with those obtained using the

telescope system. These laser beam measurements were easier to

interpret than were the telescope measurements. The "double

images" could more easily be separated. Any drastic blurring

tended to give a larger, warped spot, but it was still readable

(with less accuracy). The laser beam scatter also showed if

there was excessive scatter in a particular location.

To separate the angular deviation and lateral displace-

ment, a lens was inserted and focused on the grid board. A lens

will focus all parallel rays within its aperture (laterally

displaced) to the same point. Therefore the position of this

focus spot will only be sensitive to angular deviations. This

was done in addition to just noting the change in spot position

without the lens in place. For these measurements to be relevant

t : i :t=,sutenent of windscreen optical distortion errors an

accuracy of + 1 minute of arc is required.

In the measurements that were made two systems were used.

At first a lens with a 30 inch focal length was used and the limit

of visual sensitivity was + 7 minutes of arc. The sensitivity

was decreased to + 1.2 minutes of arc when a 90 inch focal length

lens was used. A higher accuracy could also be obtained by using

a position-sensitive detector to determine the beam deviation.

Using a motorized mount to scan the windscreen, the detector

could be used to drive a chart recorder, thereby giving an angu-

lar deviation map of the windscreen. If a detector array was

used, the size and shape of the spot could also be analyzed

(though this would probably require some software assistance).
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be compared to each other or to a standard photograph, there

are strict requirements on stability of tne camera and repeatabi-

lity of the position of the camera because any vibration will

produce fuzzy pictures. A little vibration from the camera

shutter is usually of little concern; however, in attempting to

read these grid board photographs to less than 0.01 inch a shaky

tripod will allow this much movement to occur. Another stability

problem was encountered in taking binocular photographs where the

camera must be translated between the two photographs without

changing its longitudinal position (and hence the focus). Most

camera tripods will "tilt" from side to side if the weight of the

load is not evenly centered on the tripod. A heavy duty tripod

was required to take correctly registered binocular photographs

(translating the windscreen laterally). These photographs indi-

cate that the windscreen does in fact introduce a "tilting" of

the grid board image, which can not be accurately measured it the

tripod itself may also be tilting.

These problems with camera stability also introduced a

repeatability error. Ift the photograr.s oL t;ie gr!. ar",l ale to

be compared, a stable and repeatable reference point witn respect

to the grid board must be maintained.

Another major source of error in taking the photographs is

caused by focus errors. Any set of exposures which are to be

compared later by overlaying the negatives must all be taken

with the same focus setting on the camera. This is because any

focus error (due to focus setting changes or tilts and transla-

tions of the camera relative to the grid board) will cause a

change in magnification of the grid board. Any changes in the

size, shape, or character of the grid board should be due to the

windscreen under test. The windscreen should be the only opti-

cal variable.

3.3.2.1 ErroLs In Film Processing

The next process to consider for sources of errors is the

actual processing and printing of the photographs. In developing
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the film, there may be some shrinkage of the emulsion. Only non-

linearities of this shr.nkage are of concern in this system, and

the non-linearities appear to be negligible. To insure unifor-

mity in any such metamorphosis of the film, all photographs

should be processed the same, preferably at the same time using

tne same chemicals and conditions of processing.

There is a greater possibility for error in making the

enlargements than in developing the film. The same restrictions

apply to the enlarger setup as to taking the pictures. The size

and focusing should be set (as in taking the photo) by means of a

reference photograph taken of the undistorted grid board without

the windscreen in place. This setting needs to be accurate and

to be maintained for the printing of the photographs to be com-

pared. As before, the developing and processing should also be

the same for all photographs to be compared. It should also be

noted that, as with the camera, no corrections in terms of

tilting of the film plane should be attempted. The only optical

variable should be the wildscreen. As with the emulsion of the

negative, there is the possibility ot paper shrinkage of the

print. This should be monitored and minimized by use of a low

shrinkage paper (such as type RC).

Neither the optics of the camera nor those of the enlarger

should cause any significant distortion. Most photographic

optics are of sufficient quality as to not introduce any such

error. This can be checked from measurements of the reference

photograph of the undistorted grid board.

3.3.3 Accuracy in Grid Board Slope Measurements Using

Manual Reduction Techniques

A study was conducted to determine the accuracy of

obtaining grid slope measurements from photographs of grid board

distortion. The experiment was conducted with six unskilled sub-

jects. Four photographs were mounted on a paper with a

reference photograph, and two copies were given to each indivi-

dual. Sixteen points were selected for evaluation.
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Three points had the same slope value, and tne other thirteen

points were selected with varying degrees ot slope.

The subjects were then given a ruler ond told to measure

the slope about the designated points in terms or troe naimner oL

vertical grid lines traversed in the horizontal direction on the

adjacent reference grid board photograph while traversing one

grid square in the vertical direction on the adjacent reference

grid board photographs. The straight edge was aligned tangent to

the test grid board horizontal line at the point under eva-

luation. The results are shown in Table 3.1. The average error

from the mean was found to be about twenty percent. Only fifty

percent of the people in the sample obtained the same slape valle

for the duplicate points. Generally, the people wno obtained toe

same value for the duplicate points did so within ten percent.

There are a number of possible errors in this stuay. In

the case of duplicate points, the duplicate photoorapns may -ot

have been mounted next to the reference grid photographs exactly

tne sane. In this case a constant offset :o l : : J<.:, I

was not. Also, some ut the points a nave s"en ..

difficult, but in actual testing these points could not be

ignored. The largest factor is probably toe experienrce o: t.e

people. Many subjects did not appear to have a clear

understanding of what they were supposed to actually ne.isure or

by wnat procedure). This problem could also exist in the

windscreen manufacturing industry. By eliminating the people in

the sample who expressed confusion, the average error dropped

below fifteen percent. Experienced people with gooa equipment

could probably reduce this error to less than ten percent. There

would still be the problem of "fuzzy" points which couloj again

give high discrepancies.
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3.3.4 Errors In Laser Beam Deviation Measurements

The different sources of error in mapping the windscreen

errors using this technique are all instrumental. One source of

error is the requirement for staule positioning of tne laser. A

single reference point should be maintained for any set ot data

(to within available settings), for all angles. For angular

deviation measurements made using a lens to focus the beam (to

eliminate lateral displacements), a stable, versatile mount is

also required.

The positioning of the lens is also a possible source of

error to consider. If angular deviation measurements are to be

compared to total displacement measurements, the lens must ini-

tially be inserted so as not to deviate the undisturbed laser

beam. In doing this, as in making the actual measurements, there

is some uncertainty due to the finite size of the laser spot

on the target. This error can be minimized in the alignment of

the lens by retro-reflecting the beam from both the front and

oac.: surface of tne lens nack totne laser. Atw.rr error e

lens position is the focus error due to incorrect longitudinal

positioning of the iens (not having the lens exactly one focal

length away from the target). Such a longitudinal error of + 4

inches in the positioning of a lens with a 90 inch focal length

and a spot position measurement accuracy of 1/16 inch (+ 1 ,2 inch)

would cause an error of only three seconds per minute of arc of

deviation. Since the 90 inch focal length lens only gave an

accuracy of about + 1.2 minute of arc this error is not signifi-

cant. In doing the actual comparison of angular deviation to

total displacement, there is also an error caused by the uncer-

tainty in the path length between the windscreen and a point on

the grid board. The change in path length from the center of the

grid board to the laser, to the edge of the grid board to the

laser is approximately two inches. In calculating the effect of

angular deviation on the beam from the windscreen to the grid

board (so that the lateral displacement can be calculated) this
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path length error introduced an error of one second per minute ot

arc deviation. This error is therefore insignificant. The

limiting factor is then the accuracy limitation imposed by tne

focal length of the lens. This error of + 1.2 minutes of arc

will introduce an error of + 0.1 inches in the calculations of

the lateral displacements.

Most of the possible errors due to equipment positioning

could be eliminated by using an accurately movable windscLeen

mount, thereby leaving the other optics stationary. This system

could be easily automated using a computer controlled windscreen

mount (or other means of position calibration) and position sen-

sitive detector arrays (see Figure 3.8).

3.4 RESULTS OF WINDSCREEN MEASUREMENTS

During the experimental evaluation of technique used for

measuring windscreen optical distortion, four different

windscreens were used. Table 3.2 shows the serial number, Aero

Medical Research Laboratory number, type, and optical cjuality

o t:.e :our windscreens. From the measurments made it is

possible to make the following useful observations about the

distortions caused by windscreens:

(1) The lateral displacements varied only moderately over

any one windscreen.

(2) The lateral displacements measured were attributable

to the windscreen geometry and thickness (25 mm).

(3) The angular deviations were produced by both

windscreen geometry and windscreen errors.

(4) The main contributing factor to windscreen distortions

were the angular deviations.

3.4.1 Windscreen Displacement Considerations

The lateral displacement effects are observed for nonnormal

incidence of light from the grid board or laser beam used for

point-to-point measurements. For a windscreen of thickness t,
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angle of incidence on the windscreen 8, and angle of refraction

at the windscreen 6' the lateral displacement Ay is given by

Ay = t [tan 8 - tan '] (6)

Table 3.3 shows how the lateral displacement will vary with the

angle of incidence for a laminated windscreen of 25 mm thickness

(n 1.5).

TABLE 3.3 LATERAL DISPLACEMENT VARIATION WITH ANGLE OF INCIDENCE

(t = 25 mm, n = 1.5).

e(Angle of Incidence)

00 0

100 1.52 mm

200 3.24 mm

300 5.59 mm

400 9.12 mm

450 11.63 mm

500 14.94 mm

600 25.62 mm

700 48.59 mm

800 120 mm

A variation in lateral displacement with variation in

windscreen thickness will also be observed. Typical variations

in thickness for the F-1ll windscreen are less than 0.05 inches.

The F-16 has much larger variations in windscreen thickness

because of the extreme changes in curvature. However, in criti-

cal area viewing a variation of 0.05 inch or less should be

possible. The variation in lateral displacement with windscreen

thickness errors can be obtained from the derivative of equation

6. For windscreen thickness errors of t the variation in

lateral displacement S(Ay) will be

6(Ay) y - = t [tan 0 - tan 0'] (7)
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Table 3.4 shows how the variations in lateral displacement will

change with the angle of incidence for errors in windscreen

thickness of 0.05 in.

TABLE 3.4 LATERAL DISPLACEMENT CHANGE AS A FUNCTION OF THE ANGLE
OF INCIDENCE (6t = 0.05 in, n = 1.5)

e(Angle of Incidence) _(y)

00 0

100 .075 mm

200 .16 mm

300 .28 mm

400 .46 mm

450 .58 mm

500 .75 mm

600 1.28 mm

700 2.42 mm

800 6 mm

In addition to these lateral cisplacements any measuring

system that can not discriminate between lateral displacement and

angular deviation effects will see displacement effects produced

by the angular deviation. At the design eye position the

distance from the windscreen can be 1 m or more. For a 10 minute

deviation error the displacement at 1 m is 1.94 mm.

3.4.2 Grid Board Photography and Point-By-Point
Measurements of Laminated Windscreen
STP-015-016(F-Ill)

The windscreen had been rejected for use by the Air Force

because of its large localized optical distortion. Figure 3.9

shows grid board photographs without the windscreen in place, the

lower central area of the windscreen, upper left area of the

windscreen, and the upper -ight area of the windscreen. In the

lower central area and upper right area of the windscreen the

large localized distortions of the grid board pattern are very
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seen to be much less than that of the previous windscreen (worst

case ot 25:1) and from Figure 3.4 the effect of binocular

disparity is to cause relative displacement up to one half of a

grid square in the grid board.

3.4.3.2 Pcint-by-Point Measurements

The next testing done was the point-by-point laser beam

deviation measurements. The procedure was to align the laser

beam to a reference point on the grid board without the

windscreen in place. Then the lens was inserted and aligned, so

as not to deviate the laser beam, at a distance of one focal

length from the target. The windscreen was then inserted and the

spot displacement noted with and without the lens in place.

Figure 3.14 shows an arrow graph of the spot displacements caused

by angular deviation only. The solid arrows show where the pri-

mary spots moved to, and the dashed arrows show where the secon-

dary (ghost) spot moved to when the windscreen was inserted. It

i:" interestini to note that the rotation of the primary spot

acr2ws apz:ears to oe close to linear, wich indicates t:'at these

deviations are due mostly to the windscreen geometry. The secon-

dary spot arrows seem to move more eratically and even suddenly

change direction in some cases. This direction change would

cause the secondary image to move past the primary image,

resulting in considerable viewing problems. This information

containing both magnitude and direction of the spot displacements

could present a reasonable evaluation of the double imaging

problem. In the worst areas of double imaging, the intensity of

the secondary spot was to be about one order of magnitude less

than the intensity of the primary. The tertiary image was

decrea-z by a factor greater than two orders of magnitude from

the pra; j.

The distortion of the grid board seen in the photographs

can more easily be followed in a graph of the magnitude of the

angular deviation as shown in Figure 3.15. This is because a
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uniform deviation or a uniformly changing deviation (as seen oy the

rotating arrows) can not be seen in the grid board photographs,

which show only the area by area relative change of deviation

caused by the windscreen. This is not to imply that the direc-

tion or change in direction of deviation (as shown by the arrow

graph) is not important. However, no erratic or dramatically

varying changes in deviation direction in the primary laser spots

were seen (see Figure 3.14). As expected, the magnitude of

angular deviation seen in the secondary image appears to be a

function of the rate at which the angular deviation is changing.

The secondary image is a product of multiple reflections within

the windscreen. Therefore, the angular deviation of the secon-

dary image is the product of reflections and refractions caused

by more than one path through the material of the transparency

and from more than one point on each surface.

Using the measured angular deviations and the measurements

of total displacement of the laser beam (without the lens in

place) the lateral displacement caused by the windscreen was

calculated. The lateral displacement did not appear to v.ry

much within the accuracy of the calculations. Small variations

would be expected as the angular deviation changes, since the beam

may be travelling a slightly different path through the

windscreen. Figure 3.16 is a graph showing the lateral displace-

ment versus position. It is interesting to note that the displa-

cement of the secondary image is close to zero. The difference

between lateral displacement of the primary image and the

secondary image could be useful in evaluating prismatic effects

(if the localized area change in angular deviation is small).

3.4.4 Grid Board Photography and Point By Point
Measurements of Windscreens 157300 - 51A S/N017
and E-016-142 (F/Ill)

Grid board photographs of these two windscreens were taken

and compared to point by point measurements. In addition to

measuring the point by point laser beam deviations, the

deviations as seen from the left and right eye positions were
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oapw:,edj out. The proceoiure to make the binocular deviation

measurements netween the left and right eye was the same as that

, i sinle ieam measurement except that two parallel beams were

Jd3et. It t , ieoi ired to make the binocular measurements was

n(t m'.h longer than that for the monocular measurements.

Howe',er, the difficulty of the measurements increased and because

ot -.i.; -2tly a limited number of points were mapped.

C:r],i tnoard photoQraphs of the two windscreens were taken at

toe ie ,-:ve -osition, the left eye position, the right eye

K: <i , anti ule exposure from left and riqrt eye position.

The Ii.:tweignt windscreen showed very little grid board

(.LtO . 'The individual photograph of :he grid boari showed

:1 -;::arent visual grid board distortion. Figure 3.17 shows a

po ct r,' ....- t:, o irc~ lat efect for the liihtweignt windscreen

- a i - , 7) ,sing toe doucle exposure technique. The

iar est r Irt-ve ri', roari iispiacement was u.125 of a single

L:rLd. Tn s is uetwe-n three minutes and five minutes or oinocu-

VL' L1s:arit at re jrid boarai.

As seen from the graphs of the lightweight windscreen laser

oeam oeviation, (Figure 3.18) the deviation caused by the

win~lscreen increases uniformly in accordance with the windscreen

, ,I t etry. Te Lines on the angular deviation graph are, in tact,

linear to wltruom oiout + 3 minutes of arc. Since the accuracy of

oar .a urem nt i onl.' + 1.2 minutes of arc, the slight

vAia t ons seen in the angular deviation graphs are not sigifi-

oe:. r' tire sa', extent., the Laser beam displacements caused by

111a-u1 r ip 3 at ion s i,,own on the arrow graph in Figure 3.19) are

very wt:il uenaved and predictable based on the windscreen

gieometry. The only troblem encountered in testing the light-

wr,,jnt windscrec.i was in trying to locate the secondary image.

Those secondary points located were within five minutes of the

primary and of very low intensity. There was a fair amount of

scatter present wnich may have partially concealed the low inten-

sity, sliqhtly displaced secondary image. In aeneral the light-

weight windscreen was cf much netter optical quality than any ot

the heavyweiqht windscreens examined.
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The heavyweight windscreen (E-016-142) did not appear to

be as good, optically, as the lightweight. The grid board was

lowered to examine a lower (further forward) area on this

windscreen than had been examined before. Figure 3.20 shows the

grid board photographs taken from the left eye, right eye, and

the left edge of the viewing area. The left edge of the viewing

area had the worst qrid board distortion, with a worst case slooe

error of 13:1. The largest binocular disparity obtained

from the grid board photograph was one half of a grid or 13 minutes

of binocular disparity. Although the deviations seen were not

very large, they did increase significantly in the left edge of

the windscreen as shown in Figure 3.21. This may have been due

to the tact that the measurements were made closer to the edge on

this windscreen than had been done on previous windscreens

(because the forward part is narrower). A more severe problem in

this windscreen may be the large and quickly varying separation

between the primary and secondary images (see Figures 3.21 and

3.22). This secondary image is clearly visible in most of the

windscreen.

In addition to the monocular laser beam mapping, a limited

amount of binocular mapping was done (Figure 3.23). The lower

part of the Figure shows an arrow graph of the laser beam displa-

cement tor the left and right eye position as caused by angular

deviations induced by the windscreen. Possibly a more useful

measurement of the binocular disparity is the angular separation

between the left and right eye laser beam deviations. A graph of

this is shown on Figure 3.23 directly above the respective arrow

graphs. In most cases, this angular separation for the binocular

disparity in this windscreen was between 10 and 15 minutes of

arc. This windscreen would probably not be acceptable because of

the large binocular disparity. It is important to note that

this angular separation is not constant. This effect would

require a pilot to continually readjust in an attempt to fuse the

two images presented from each eye.
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The -c part of Figure 3.23 shows a graph of the angular

deviation as see,, from the left eye, right eye, and design eye

position. The design eye position data may not be exactly corre-

lated since it was taken at a different time. The angular

deviation for the three eye positions is not greatly different,

although they are displaced from each other. It is interesting

to note that lensing effects can be seen more easily on this

graph, in particular, the area in the negative four graph be-

tween X = -12 and X = -4. The design eye position data shows a

sharp decrease in angular deviation (like the center of a lens)

while the right eye position data shows an increase in angular

deviation and the left eye position data is relatively constant.

This actually gives data in three dimensions, from which a wave

front could possibly be reconstructed and power calculated

(although it is still anamorphic in character). This type of

data could more easily be taken using a movable windscreen mount,

rather than realigning the optical system each time.

3.5 OTHER TECHNIQUES CONSIDERED

As mentioned previously some moire techniques were tried

by overlaying a grid board negative over a grid board positive.

The process of making a moire by rotating the camera back be-

tween two exposures gives two positives overlayed and does not

exhibit usable data. The positive-negative technique, however,

does show promise of giving an overall view of the windscreen

distortions and lensing.

Also attempted was single pass interferometry by using a

Mach Zehnder interferometer and a shearing interferometer.

Direct interferometry may be too sensitive in some areas of the

windscreen when at the installed angle. Interference fringes of

this type, however, do have a known high degree of accuracy.

Interferometry has been studied for many years and the patterns

obtained can be thoroughly analyzed with modern techniques.

A double pass system would be more complicated and not as

directly sensitive to the distortions we are interested in
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investigating. An interesting aspect of the Mach Zehnder system

is that it could be used to directly compare the lensing seen

between two adjacent viewing areas (binocular effect).

Although it is not directly applicable to our present measure-

ments, some holographic techniques were tried as well. It was

found that real time holographic interferometry was sensitive to

stress changes in a transparency. A similar technique could also

be used to obtain three dimensional, hard copy documentation of a

windscreen which could be used later for comparisons without

a need to do an extensive documentation of the windscreen ini-

tially.

3.6 COMPARISON OF COST FOR WINDSCREEN TESTING TECHNIQUES

In order to compare the different techniques used to

evaluate windscreen optical quality, the cost of equipment and the

time to perform the different tests during our experiments will be

described.

3.6.1 Grid Board Photography

For each windscreen the time to perform the required tests

is:

1. 30 minutes to take the photograpns (single and
multiple exposure).

2. 2 hours to develop and print the photographs

3. 3 hours to analyze data where the analysis is a
well defined task.

The types of equipment and cost are:

1. 3 ft by 4 ft light box, $300.

2. Simple tape grid board, $100.

3. Simple windscreen mount, $200.

4. Used 4 x 5 Gruflex camera, $200

5. Heavy duty tripod, $850.

6. One set of film and supplies, $100.
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The total cost of equipment was $1750 and the time to eval-

uate each windscreen was about 5.5 hours.

3.6.2 Point-By-Point Laser Deviation Measurements

In evaluating the laser beam deviations during this program

it was found that the time required to measure 10 different

points was one hour. For mapping a windscreen on 4 inch centers,

7 hours are required and it is recommended that 3 times this data

be taken for a total of 21 hours. Data analysis with a computer

required about 4 hours for each 50 points.

The type of equipment and cost are:

1. 5 mw HeNe laser, $700.

2. Two tripods, $1200.

3. 6 inch diameter lens and mount, $750.

4. Simple windscreen mount, $200.

5. Other equipment, $50.

The total cost of equipment was $2900 and the time to ade-

quately evaluate each windscreen was 24 hours. This system was the

most versatile used.

3.6.3 Point-By-Point Measurements Using a Telescope

The time to adequately evaluate each windscreen is the same

as that using the laser deviation techniques of section 3.6.2,

i.e., 24 hours.

The type of equipment and cost are:

i. Viewing telescope, $200.

2. Tripod, $500.

3. Simple windscreen mount, $200.

4. Target and other equipment, $50.

Angular deviation measurements are not directly readable

unless a collimated source is substituted for use as an object.

The cost of the equipment for reading total deviation is $1000,
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and the cost increases to about $2000 if direct angular deviation

measurements are required. This system provides high accuracy,

but it is more difficult to operate than a laser deviation

measurement system.

3.6.4 Pass-Fail Laser Deviation Measurement

This is a system similar to that described in section

3.6.2, except that it is only able to determine if any single

deviation measurement exceeds a specified tolerance. Total cost

is $2000 -$2500 and the time for evaluation of each windscreen is

reduced to about 20 hours.
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SECTION 4

NEW TECHNIQUES FOR WINDSCREEN TESTING

As part of this program new test procedures were developed

for assessing the optical quality of aircraft transparencies.

The Air Force specified that this work would be directed toward

approaches that could quantify binocular effects. As described

in the study and experimental evaluation in sections 2 and 3, the

binocular effects are obtained by measuring and comparing the

windscreen optical quality at the right and left eye positions.

Any technique using a laser beam to obtain a point-by-point

mapping of the windscreen optical quality from both eye positions

will permit evaluation of binocular effects or binocular

disparity.

Previously, point-by-point measurements using alignment

telescopes and collimated probe beams have been very time con-

suming, because in order to map the windscreen deviation the

windscreen is moved between each measurement. With this approach

many hours are required to evaluate a single windscreen. In the

study of new techniques it was decided that the mapping should

not be done by moving the windscreen, but by mechanically

scanning a probe beam over the windscreen.

4.1 FAST SCANNING TECHNIQUES AND REQUIREMENTS

The purpose of the fast scanning systems is to provide a

way that windscreen transparencies can be scanned and evaluated

on a point-by-point basis at a fairly high rate of speed. The

systems considered were required to use a scanning mirror system

located at the design eye position to simulate a diverging beam

eminating from the design eye position, or to use a scanning

mirror system and source "lens" to simulate a converging beam to

the design eye position. Of the different ideas developed two
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were set up in our laboratories for evaluation. One technique

uses a retro-reflecting screen, and the second uses a holographic

lens.

4.1.1 Retro-Reflecting Screen Technique

This system uses a scanning mirror system located at the

design eye position and a retro-reflecting screen. By scanning

an unexpanded laser beam in both elevation and azimuth, it is

possible to simulate a diverging beam eminating from the design

eye position. By using an unexpanded laser beam rather than

an actual diverging beam, it is possible to make accurate

measurements of the beam deviation at many distinct points on the

windscreen. Depending on the different forms of the system, it

is possible to measure total beam deviation, lateral displace-

ment, and angular deviation.

Figure 4.1a shows an unexpanded laser beam being raster

scanned over a windscreen. The problem is how to measure the

deviation of the beam after it passes through the windscreen.

Because of our interest in techniques that are faster, a system

is not allowed where a detector is moved over the windscreen to

map the laser beam deviations. Because of this it is necessary

to re-image the scanning beam onto a single detector. One

approach would have been to use a large lens such as that shown

in Figure 4.1b, but instead a technique was developed where this

lens is replaced by a large retro-reflecting screen. The

University has used these screens in our work with stroboscopic

holographic interferometry 2 9 ,3 0 and it has been very useful

because of its high reflectivity. Such a screen will retro-

reflect 30 percent of an incident collimated laser beam into a

three degree solid angle, i.e., a three degree divergence will be

introduced into the incident collimated laser beam. Figure 4.1c

shows another consideration in the design of the system where the

effect of a glass wedge (windscreen error) on an incident laser

beam is shown. As shown in Figure 4.1c the angular deviation
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errors introduced by the wedge is eliminated if the beam is

retro-reflected back through the glass wedge. Because of this

effect the scanning laser beam after retro-reflection cannot be

allowed to pass back through the windscreen.

The principle of the system is then to scan an unexpanded

laser beam from the design eye position, to simulace a beam

diverging from the design eye position. After this beam goes

through the windscreen, is retro-reflected and directed by a beam

splitter around the windscreen, it converges to a point conjugate

to the scanning at the design eye position. If the beam

deviations are measured at this "image" the total deviation of

the windscreen can be mapped out. However, if this point image

is relayed back and reflected off the scanner, the beam can be

analyzed for any angular deviations or lateral displacements

caused by the windscreen.

Figure 4.2 shows a laser beam incident on the scanner,

reflected to a retro-reflecting surface, and reflected back to

and from the scanner. Laterally displaced beams will be parallel

but displaced to the incident beam while angular deviated beams

will be reflected at an angle to the original beam from the

laser. Thus, lateral displacements can be measured by beam

displacement and angular deviation can be obtained using a

focusing lens as described in section 3.

Figure 4.3 shows a schematic drawing of the system

used for evaluation of this technique. Only a single axis

scanner was used, and polarizing beam splitters and retardation

plates maximized transmission or reflection of the probe beam

while eliminating spurious signals from unwanted reflections by

the various optical surfaces in the system. In this system the

unexpanded laser beam is directed by the scanning mirror to scan

in only one plane. The beam then goes through a polarizing beam

splitter located directly after the scanner. The beam was pre-

viously made to be horizontally polarized, so that close to 100

percent will be transmitted directly through the cube.
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Directly after the cube, a quarter waveplate renders the laser

b-am circularly polarized. This beam then goes through the

transparency sample. After the transparency, the beam goes

through a 50:50 beam splitter (where part of the beam is lost)

and Lo a retro-reflecting screen, which directs the beam back to

the 50:50 beam splitter along its original path. The component

which goes back through the windscreen will be rendered ver-

tically polarized by the quarter wave plate and will be reflected

off to the side by the polarizing beam splitting cube. The com-

ponent reflected from the 50:50 beam splitter will be directed to

an aperture which is the image plane of the scanner. At this

plane the beam will be pivoting around a point. A possible

option for this system would be to put a second scanner at this

point, precisely syncronized to the motion of the first scanner.

This would remove the motion induced to the beam by the first

scanner and allow the beam to be evaluated for angular deviations

caused by the windscreen sample without the need for any further

relay optics (or the polarizing beam splitter). A second scanner

of this type was not available to us at this time. This aperture

plane is, therefore, relayed back (by means of lenses L1 through

L4, a one-to-one, afocal system), through the polarizing beam-

splitting cube, to the original scanner. A second quarter wave

plate at our image plane has made the beam vertically polarized

so that the polarizing beam splitting cube will reflect the beam

back through the scanning mirror system. Since the plane of

polarization of the beam has been rotated 90 degrees to the ini-

tial incoming beam, we can use a second polarizing beam splitting

cube to direct the return beam to the side to a detector system

so that it can be evaluated for angular deviations caused by the

transparency.

If the system is properly aligned, when there is no

transparency in place, the output beam (directed to the

detector) will not move when the scanner is turned on; it will be

completely compensated. The alignment of this system is very

sensitive. If the image plane at the aperture is not correctly
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relayed back on to the scanner the motion of the scanner will not
be compensated. If the mignirication of the optical relay system

is other than one, there will be a magnification factor to con-

siderin measuring the angular deviations.

An important limitation to consider in setting up this

system is the field of view limitation caused by the various

apertures in the system. The beam splitting cube should be

located close to the scanner so that the cube's diameter will not

limit the scan field. The field of view will then be limited by

the f-number of the relay lenses. Another problem is the dif-

fusing nature of the retro-reflection screen. If the aperture at

the image plane is made small compared to the light field coming

from the retro-reflecting screen, a lateral displacement of the

beam (by the transparency) will not be seen as a lateral displace-

ment but rather will appear as an angular deviation (since the

a~erture is now seeing another part of the solid angle of the

beam from the retro-reflecting screen). This must be taken into

account when making the measurements of angular deviation caused

by the transparency. This beam may also be apertured by the

relay lenses at their edges. It would be advisable not to use

the extreme edges of the lens since there tends to be a certain

amount of "roll-off" at the edges. This would cause the beam to

be bent a little more than it should be at each lens, resulting

in an additive error.

Assuming proper alignment of the system, the limit of

accuracy of the angular deviation caused by the transparency is

caused by the focal length of the final focusing lens (lens L5).

Assuming a precision in measuring the focus spot position of +

1/16 inch and focal length of 90 inches, gives an accuracy of

better than + 2.3 minutes.

A sample of a lightweight windscreen was evaluated using

this system. One problem observed was that the lateral displacement

induced by the sample (set at 45 degrees, 22 inches from the
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scanner) appeared as a constant angular deviation offset in the

data. This offset was approximately 12 to 13 minutes of arc.

The data was compared to deviation measurements made by just

putting an unexpanded laser beam through the sample, at the same

points, and measuring the angle of the deviated beam directly

after the sample (over a 90 inch distance). The absolute angular

deviation caused by the sample ranged from 5 minutes of arc to 9

minutes of arc. These measurements were made directly without

the scanning system. The offset measurements made with the

scanning system ranged from 17 minutes of arc to 23 minutes of

arc. Taking into account the 12 to 13 minutes of arc offset

caused by the constant lateral displacement, the point-by-point

measurements made with the Zast scanner system agreed with the

point by point direct angular deviation measurements to within 2

minutes of arc as shown in Table 4.1.

TABLE 4.1 COMPARISON OF DIRECT MEASURE AND FAST SCANNING DATA

Point Direct Measure Fast Scanner Offset

1 5 (minute of arc) 17 (minutes of a arc) 12 (minutes of arc)

2 5 17 12

3 5 17 12

4 9 23 14

5 8.5 21.5 13

These measurements are repeatable to less than 2 minutes of arc.

This sets a practical limit on the current system of + 2 minutes

of arc. The constant angular deviation offset was produced by

the long focal length lens used for measuring angular deviation.

Since no position measurement detector array was available, all

the deviation measurements were made visually. To get the

largest displacement Dossible for a given angular deviation error,

a 90 inch focal lens was used. This lens was not able to form

a real image of the retro-reflecting screen and this introduces

an offset in the measured angular deviation data. With an 80 inch

separation of screen, a lens with a focal length of 40 inches or

less should be used.
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4.1.2 Holographic Lens Technique

This system was developed as a second approach to a fast

scanning technique. A holographic scanning system is very useful

in the case where a reference windscreen exists as a standard of

comparison for the test windscreen. The holographic approach is

simpler than the retro-reflecting screen approach because all the

lateral displacements produced by the windscreen geometry are not

observed in the laser probe beam. A holographic system could

also simplify binocular measurements because it could reconstruct

both the right eye and left eye images at one time.

Work on holographic optical elements is now an active

research area. The interest in them has been for full aperture

lenses 3 1 and as elements in optical scanning systems3 2 . Their

operation is conveniently understood in terms of the image pro-

perties of a simple Presnel zone plate. One type of holographic

lens is made with two point sources on the same side of the pho-

tographic plate as shown in Figure 4.4a (transmission hologram

5). When the hologram is illuminated by the point source P1 two

Photo graphic

Plate

(a) Production of Holographic (b) Reconstruction of Holographic
Lens Lens

Figure 4.4. Transmission Holographic Lens
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wavefronts are reconstructed (Figure 4.4b). One of the

reconstructed wavefronts diverges from the virtual image P2v and

the second wavefront converges to the real image P2R"

A second type of holographic lens (volume hologram 3 3 ) is

made with the two point sources on opposite sides of the

PhotographicPlate

(a) Production at Holographic (b) Reconstruction of Holographic
Lens Lens

Figure 4.5 Volume Holographic Lens

photographic plate. Figure 4.5a shows the recording geometry of

the volume hologram and Figure 4.5b shows the two reconstructed

images when the hologram is illuminated by P1 . In the normal use

of a reflection hologram only the virtual image is used because

of its high efficiency. However, there is a real image

P2'R formed on the same side of the hologram as the original point

source P2. The real image is shifted by a small distance away

from the hologram from the original point P2 . In the use of a

holographic lens in a scanning system, a raster scanned unex-

panded laser beam is used to irradiate the hologram from the

point P1 of Figure 4.4 or 4.5. Thus the raster scanned beam will

be imaged from the scanned point on the hologram to the real

image P2 R. For windscreen testing this permits a very con-

venient way to scan a laser probe beam over a windscreen without

moving the windscreen.
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For this program the usefulness of the real image from a

volume hologram was of interest. The reason is that when a

reference windscreen exists, a very useful system can be devel-

oped for measuring the deviation errors of windscreens without

being bothered by the large lateral displacement introduced by

the windscreen geometry. As was shown in section 3, a 25 mm

thick windscreen will introduce 1.5 mm lateral displacement at

i0* angle of incidence, 9.12 mm at 40* angle of incidence, and

48.6 mn at 700 angle of incidence. Ten minutes of deviation

error in a windscreen produces 1.94 mm deviation in 1 meter.

Since the deviation errors associated with the F-1ll windscreen

tested during the program were less than 40 minutes, a small linear

array could be used to measure and map the deviation errors over

a windscreen if compensation for the lateral displacements due to

windscreen thickness is done. The way in which the system wo.id

work is shown in Figure 4.6. A large diameter volume holographic

lens would be made as shown, in Figure 4.6 where two point sources

Photo GraphicPlate

i Reference

Position(P 2 )

Figure 4.6 Production of Holographic Lens
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are used to illuminate the photographic plate. In reconstruction

the light to P2R will be displaced further from the hologram than

the point P2 when the light from P1 is used to scan the

hologram. This shift is small and could probably be neglected.

If necessary the hologram could be shifted away from the

windscreen to position P2R exactly on the design eye position.

The deviations of the windscreen would be measured as the laser

beam is raster scanned over the holographic lens. The scanning

would be done to diverge from the original point P1 and the

deviations measured with the test windscreens substituted for

the reference windscreen. The system accuracy can be determined

and checked by taking the measurements with the reference

windscreen.

Since the holographic lens is made with a windscreen in

place there will be no lateral displacement effects ooserved in

the reconstructed image at P2R" The only deviations observed

will be produced by difference in deviation introduced in the

probe beam between the reference windscreen and the test

windscreens.

4.1.2.1 Experimental Evaluation of Volume Holographic Lenses

The work on this task was directed at making a volume

holographic lens with two point sources and evaluating its

imaging characteristics as it is scanned with a 2 mm-diameter

HeNe laser beam. The holographic lens was made using the

geometry of Figure 4.5a, and Figure 4.7 shows the details of the

experimental setup used. In reconstruction a laser beam was

raster scanned over the hologram with scanning mirror located at

the position P1 in Figure 4.5b. The image at P2R shown in

Figure 4.5b was evaluated as the unexpanded laser beam was

scanned over the hologram. In the hologram that was made the

points P1 and P2 were 72 inches and 16 inches from the 8 by 10

inch photographic plates. In reconstruction the image P2R was

17.7 inch from the hologram. Although the image at P2R is

aberrated when a spherical wave is used to illuminate the entire
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hologram, the image is very acceptable from any 2 mm areas on the

hologram as the laser beam is raster scanned over the hologram.

The original object at P2 was a 10 wm diameter pinhole, and the

aberration effects are not significant in the large diameter ima-

ges at P2R produced by the 2 mm diameter raster scanned HeNe

laser. Figure 4.8 shows a multiple exposed photograph of the

image at P2R and the laser beams used to scan the holographic

lens for two orthogonal scans of this hologram. The hologram was

not scanned at its center so both the image PIR and the laser

beam used to illuminate the hologram could be recorded on one

photograph. A ruler with 0.1 inch horizontal and vertical grid

was placed in the image plane P2R. From the photograph the area

scanned by the laser beam was 10 inch by 9 inch. The diameter of

the multiple exposed image was less than 0.2 inch, and no notice-

able motion was observed in the image as the laser probe beam was

scanned over the holographic lens.

In order to use this system in evaluating windscreens, it

would be necessary to make holograms with diameters up to 3 ft

in diameter. Such large pnotographic plates have been used to

make holograms, and future work would be directed towards

extending this work to the production of holographic lenses on

large photographic plates. No real problems should be expected

in this area.

105



Figure 4.8. Photograph of Holographic Imnage P~1 and Scannino

Laser Probe Beam.
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SECTION5

GiUD BOARD DIGITIZATION SYSTEM FORk EVALUATION
OF GRID BOARD PhOTCG;,'APHfS

As part of this proqiram it was reqJuired that a technique be

,roposed for quantifying the evaluation ot optical distortion in

aircratt windscreens. It was required that tnis technique be

able to quantify the "binocular effects" as well as the conven-

tional optical distortion effects. Although the two techniques

aeuscriued in section 4 could be used to ontain the ouantified

optical distortion data, they are still in a development stage.

Grid Lroard photography is a tecrinioue widely used tar

winduscrtzen tival-ation, but it is now li!te L the tlime required

-)r t:.e minia 1 uata evaluation and tnte acurc tte esl.

To overcoi~ie triese limitations it is prouosed that a s;ystem be

develope,; to evaluate girid Doard 'photog(raphs ~t th cequ irec4

accuracy aiio witnin a reasonable time.

Ag reement ca,,n not te reached on a ustaroikic tror evailuating

ou~c Ii strtion, tuecause (-, the var i,)s eli- rectzs ass-ciated

wtr ,. its :rsrc :cl istr*: . ~~i~

ilc]ovra Ivdriatio;ns in !tue li~-wr r. tl te I !n'l~

and i.: c:aused tby variations inl thicKneCSs, or cljrva-tu.rO

an Optical windscreen. The rays ol Lignt ti dvel inq throaqgo tuch

a windscreen are bent or deviated, rno-th an ularly aid Ilaterally,

and to ditterent degrees. Yhese variot.ri, )t deviaitifls -witn

Crldnqing Line at siqht can have severtf ettrects -n teappearance

of objects v it.wed throuqni- the transpa'.en-,( . The tE'su Itinq imagje

can: (1) be bent out ot shape; (.1) appear ;Taqni, ici or dernagnitied

due to optical power in the windscreen (lensin~i), (s) u~e

magnified or demaqniried in only one dm:soas well as bke

snifted in space, due to unequal curvat-ures .)t tne tranS'.arency

(anamorpnic distortion) ; and (4) have smnall oaiddioron
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such as localized power errors (bulls' eyes) or symmetrically

connected smaller areas (butterflies) due to irregularities or

discontinuities in coatings on the transparency.

The effect of distortion of an image is primarily psycholo-

gical; therefore, the precise accuracy of measuring distortion is

difficult to specify. A localized distortion may appear less of

a problem than a widespread distortion, since the mind can easily

correct for a localized discrepancy. A widespread distortion

will warp an image without presenting a known reference of what

the object should look like or where it should be located.

Therefore, a widespread distortion may give "false" information

about the object being viewed. However, a sharp localized

distortion may cause an image to jump or change in shape or size

very quickly as tne image traverses the field of view. This

could be very disturbing and confusing, especially in a situation

requiring a quick decision. It is clear that all distortion

tests must ultimately relate to human factors. However,

straightforward visual inspection requires experienced personnel

and is very subjective.

To determine how an image is being degraded by optical

distortion, any test method must evaluate the extent to which the

light rays from a test object passing through the test

transparency are deviated in the final image plane, and must map

the deviation of the various rays from their paths for a
"perfect" image. A number of techniques have been proposed to

accomplish this, including direct point-by-point mappings using a

laser beam or telescope system.

5.2 CURRENT EXPERIMENTAL TECHNIQUES

The most commonly used techniques for distortion testing

involve photographing a grid board through the transparency being

tested. These techniques include (1) taking a single exposure of

the grid board and measuring the slope or magnification

variations of any lines; (2) taking a double exposure, one

108



without the transparency in, and one with the transparency in, and

looking for "splits" in the lines of the two exposures; (3)

taking a triple exposure through the transparency, translating

the transparency vertically between exposures, and measuring the

"growth" of the grid squares; (4) taking a single exposure

through a two-hole mask (a modification of number 3); (5)

visually inspecting a grid pattern as seen through the

transparency being tested.

The parameters measured by these photographic techniques are

the same for the different approaches. A limitation to this is

the manner in which the results are analyzed. These techniques

do not directly measure absolute (total) or angular deviation.

The lateral and angular deviation are coupled into one effect in

these tests. It would be possible to determine the actual angu-

lar deviation to the undeviated beam by referencing the data

found through the windscreen to the undeviated data and

subtracting a calculated lateral displacement found by other

means. Primarily these techniques measure the change of angular

deviation. This is the major cause of any sudden changes in

image figuLe, hence the distortion and lensing effect seen

through the transparency. Since the grid board techniques are

designed to test an entire area of the transparency at one time,

these tests give an immediate indication of the overall distor-

tion of the image caused by the transparency as it would be seen

when in use. The direct analysis of the data received from the

grid board photographing gives the point-by-point change in

deviation.

5.3 CURRENT METHODS OF ANALYZING GRID BOARD PHOTOGRAPHS

An analysis of optical distortion of the transparencies is

performed by several different techniques, most of which can be

performed using e set of single exposure photographs. These pho-

tographs are taken at the left eye position, at the right eye

position, at the design eye position, and without any
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transparency inserted. The data from these photographs can then

be compared to obtain binocular disparity, magnification, and

other deviation information.

One measurement used in the evaluation of the F-Ill

transparencies is grid line slope, which gives an indication ot

the rate of change of the angular deviation. By comparinq the

size of the grid squares, seen through the transparency, to the

size of the grid squares as seen with no transparency in place, a

magnification or lens factor of specific areas of the

transparency can be determined. Another measurement which can be

made by referencing the distorted grid board photograph to the

reference (undistorted) grid board photograph is the displacement

of the grid lines. By measuring the maximum displacement of the

horizontal and vertical grid lines, adding these numbers

together, and multiplying by 1000, a quality factor of the

transparency in terms of the "displacement grade" (as specified

for the F-1ll transparencies) can be determined. This measure-

ment can be taken another step. If the reference and distorted

grid board photographs are properly referenced to eac2 other (so

that there is an absolute grid line position correlation between

them), the absolute grid line displacement caused by the

windscreen can be determined. This displacement will contain

information about both lateral displacement and angular deviation

as caused by the windscreens. The lateral displacement caused by

these windscreens is fairly constant and can be calculated either

from the geometry and thickness of the windscreen or by taking

another set of photographs with the grid board at a different

distance from the windscreen as the first set and comparing the

two sets. This lateral displacement can then be out from the

data, yielding the angular deviation in minutes of arc. All of

these numbers could prove invaluable in obtaining a complete

quantitative picture of the optical quality of the transparen-

cies.

110



5.3.1 Limits of the Accuracies

These measurements are limited by the accuracy of the

.;isurlnq system used and the accuracy of the resulting statisti-

cil caicu-Iitions. Currently, these measurements are made using a

drarting table to measure distances and plot selected points. A

tL 0ned individual could make these measurements fairly accu-

C :-eiv. lowever, a trained and experienced person may also tend to

i e L-Ie o: thumb" estimates to speed up this laborious task.

!i studies performed at the University of Dayton Research

Instinute using untrained personnel, an average error of 10 to 20

percent in measuring grid line slopes was found. To be meaning-

ful, the displacement measurements must be made very accurately.

In determining angular deviations caused by the transparencies,

oenerally an accuracy of close to + i minute of arc is required.

To realize this accuracy on a photograph printed so as to have

qgLd squares per inch, the measurements must be made to an

iccurcy of less than 0.004 inches. This accuracy is very dif-

=icu~t to obtain repeatedly. Once this data is taken, it still

: :;e .3nalx'5e, Cerablv by com,-'uter. Each set of measure-

m nts opens up new possibilities ior errors from either human

tactors ksucn as in transcribing and entering data) or accumu-

lated errors from the measuring instruments.

Grid boaro photography is still a very useful technique.

The experimental procedure for obtaining the photographs is

simple, direct, and relatively inexpensive. By means of these

photographs, an understandable, hard copy record of the opticzl

quality of the windscreens (whatever the geometry) can be ma~'e

and stored for future evaluation. Grid board photography has

gained wide acceptance by the people involved in the manufac-

ture and evaluation of windscreens. However, just visually

inspecting the grid board photographs is very subjective and

qualitative. The possibility of error in the quantitative

analysis needs to be reduced along with the time and degree of

experience required for the analysis.
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Much of the problem of accuracy as well as the time and

expertise required to obtain reliable quantitative results could

be eliminated by the use of electronic digitization. The entire

set of grid board photographs could be digitized easily and

accurately by inexperienced personnel, using a digitizing tablet

interfaced directly with a computer system. Such a digitizing

tablet (and associated graphics tablet to print out the data

again) is inexpensive, reliable, and accurate. Once the grid

board photographs are digitized, the computer can be used to

numerically compare the distorted grid board to the reference

grid board or to a theoretical grid board (for the windscreen

geometry) and to compare the grid board as seen from the left and

right eye positions to obtain binocular disparity information.

Grid line slope, line displacement, magnification, angular

deviations, and overall quality factors can all be obtained

directly from the computer without further "handling" of the data

being necessary. This digitizing system can be small and durable

so as to be easily adaptable to an on-site manufacturing

situation.

5.4 PROPOSED SYSTEM

The system proposed to accomplish this digitization task

consists of a digitizing tablet, a computer system (including

terminal and memory capability), and a graphics tablet for

printing out the original grid board data. The digitizing tablet

must be durable, accurate, and versatile. Actual data acquisi-

tion is accomplished by means of a multi-button cursor and/or pen,

enabling the input to the computer to be coded by type and nature

of the input directly from the digitizing tablet. The accuracy

of the coordinants input from the tablet is 0.01 inches or better

with a high degree of repeatability possible. The computer

needs to be a dedicated system, to prevent data from being

rclected or lost (thus giving incorrect results), with internal

memory of at least 16K along with disc and/or magnetic tape

storage available for long-term storage capability (eliminating
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the need to enter the data more than once). The graphics tablet

will allow the stored digitized data to be printed back out.

This will allow a check to be made of the digitized data by com-

paring the stored data to the original photograph. The digitized

grid ooard data can also be added, subtracted, or otherwise

modified by the computer and the resultant can then be printed

out by means of the graphics tablet.

The general operation of this system will be simple yet ver-

satile enough to allow for a variety of different possible out-

puts and calculations, with provisions built in to allow the

program to be generic in nature with future modifications

possible to fit users' needs. The system will directly take in

x-y coordinant data from the digitizing tablet in a coded manner

depending on the form and nature of the data. This input would

be the coordinants of the intersection points of grid lines or

whatever features are of interest. Not every point or area would

need to be digitized. Points of interest could be digitized,

leaving the other points to be interpolated by the computer.

The data can then be scaled, offset, or tilting as required

by the software by inputting discrete and absolute reference

points, which can be incorporated into each photograph. The com-

puter can then either calculate or contain (in data files) the

appropriate data relating to a perfect undistorted grid board and

a theoretical grid board in accordance with the given

transparency geometry. The input data can then be compared to

either the calculated theoretical data or to other input data

(such as comparing left and right eye position data).

From these point-by-point numerical comparisons the system

can then either output a resultant grid board or the numerical

information in the form of grid line slopes, line deviations,

magnifications, and overall quality factors. Given the asso-

ciated limiting values for these different quantities, the output

could identify what conditions of optical quality were exceeded

and in what areas. This could be done by identifying how many
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